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ABSTRACT

This study reports on variations at the mitochon-
drial DNA (mtDNA) hypervariable region 1 (HVR-1)
and at seven Y-chromosome microsatellites in an
African-American population sample from Chicago,
IL, USA. Our results support the hypothesis that the
population studied had undergone a European male-
biased gene flow. We show that comparisons of intra-
and inter-population diversity parameters between
African-Americans, Europeans and Africans may
help detect sex-biased gene flow, providing a com-
plement to quantitative methods to estimate genetic
admixture.

Keywords: Admixture, African-Americans, Mi-
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of America in the course of the Atlantic slave trade
may be regarded to as a paradigmatic case of gene
flow in human populations [1,2]. Coherently, studies
of genetic structure of present day African-Ameri-
cans have attracted a particular interest in molecular
anthropology [3]. The earliest investigations based
on protein loci estimated a 4.0-30.0% proportion of
European genes in African-Americans, pointing to
a higher admixture in northern rather than in south-
ern US regions [6]. More recent studies, based on
autosomal DNA poly-morphisms, highlighted the
level of admixture for northern US populations to
be lower than previously thought, and the lack of
a close relationship between latitude and extent of
European admixtures [7]. The introduction of uni
linear DNA polymorphisms of mitochondrial DNA
(mtDNA) and non recombining portions of Y-chro-
mosome, has made it possible to separately study
the male and female European contribution to the
African-American gene pool [7-9]. Finally, further
refinements have been obtained with the introduction
of genome wide approaches [10,11].

In a previous study, we used 10 autosomal mi-
crosatel-lites and an Alu polymorphism to explore
the genetic structure of an African-American popula-
tion from Chicago, IL, USA [12]. In this study, we
analyzed the variation at the mtDNA hypervariable
region 1 (HVR-1) and at seven microsatellites of
the Y-chromosome in the same population sample.
Using a broad population dataset, we showed that
comparisons of intra- and inter-population diversity
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parameters between African-Americans, Europeans
and Africans may help detect sex-biased gene flow,
providing a complement to quantitative methods to
estimate genetic admixtures.

MATERIALS AND METHODS

A total of 50 individuals (23 males and 27 fe-
males) was available for this study. Appropriate in-
formed consent was obtained from all individuals
participating in the study. Sequencing of the HVR-1
of mtDNA from nucleotide (nt) positions 16024 to
16383, and determination of size variations at loci
DYS19, DYS3891, DYS38911, DYS390, DYS391,
DYS392 and DYS393, was performed as previous-
ly described [13,14]. The amplified products were
analyzed in polyacrylamide denaturing gels using
a semi-automated DNA sequencer (A.L.F. express;
Pharma-cia Biotech, Uppsala, Sweden). Allelic and
internal standards were used for microsatellite typing.

The dataset for comparison was built selecting
data from the mtDNA and Y-chromosomal litera-
ture for European and 10 African populations. We
have preferentially used widely dispersed popula-
tions which could have contributed to the gene pool
of present day African-Americans and/or have not
undergone drift events in their evolutionary his-
tory (Supplementary Table 1). Moreover, data for
four African-American samples were considered
[15-17].

Parameters of intra-population diversity [hap-
lotype diversity (HD) and mean number of pairwise
differences (MNPD)] and genetic distances between
populations were calculated using the Arlequin soft-
ware ver. 3.5 [18]. Given the relatively high differ-
entiation expected between African and European
haplotypes, molecular methods were used in addition
to the haplotypic ones to detect further signatures of
admixture.

RESULTS AND DISCUSSION

Mitochondrial DNA and Y-Chromosomal
Variation. DNA sequences of the HVR-1 were de-
termined in 50 unrelated individuals (Table 1). We
found nucleotide differences at 63 out of 360 posi-
tions with respect to the ‘consensus’ sequence [19],
five of which were transversions [16114 (A>C);
16183 (A>C); 16188 (C>G); 16258 (T>A)]. In total,

we were able to define 40 different lineages, with fre-
quencies ranging from 0.002 to 0.008. We obtained
a HD value of 0.987 £ 0.008 and a MNPD value of
7.673 £3.637.

Y-Chromosomal haplotypes, built using seven
microsatellite loci, were determined in 23 individu-
als (Table 2). Nineteen different haplotypes were
observed, with frequencies ranging from 0.042 to
0.125. We obtained a HD value 0f 0.996 £0.014 and
a MNPD value of 4.383 +2.246.

Intra- and Inter-population Diversity in Af-
rican-American and African Populations. Since
the seminal work by [20], the approach based on the
simultaneous use of mtDNA and Y-chromosomal
polymorphisms has been used in numerous stud-
ies of human genetic diversity [21]. This approach
may also turn out to be useful in the case of African-
American populations. In fact, the availability of uni
linear DNA polymorphisms offers the opportunity to
detect possible signatures of a sex-biased gene flow
from Europeans to African-Americans. Intriguingly,
whereas a male-biased gene flow was expected on
the basis of historical knowledge, demographic data
indicate that since 1960, most of the mixed marriages
involved African-American males to females of Eu-
ropean origin [22].

In a study carried out among African-American
students at the Texas University at Austin, Austin,
TX, USA, Hsieh and Sutton [23] compared admix-
ture estimates based on mtDNA and protein loci,
concluding that there is no evidence of a European
male-biased gene flow. On the other hand, the latter
case was supported by more recent studies carried
out in a number of African-American populations
from different areas and based on population specific
mtDNA and Y-chromosome alleles [7-10].

Estimates of sex-specific admixture suffer from
two different orders of limitations. Obtaining reli-
able African parental populations is difficult for three
main reasons. First, present day African-Americans
originate from populations scattered in a wide area
from the central and western parts of the continent.
Second, it is tricky to identify the populations in con-
tinuity with those from which slaves were taken to the
US, as their demography was reshaped by slave cap-
ture and forced migrations [24]. Third, there is also
substantial variation among sub-Saharan groups for
mtDNA and Y-chromosome polymorphisms [25,26],
so that results may vary substantially depending on
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Table 1. Variable nucleotide positions of the HVR1 of mtDNA control region in 50 AfricanAmerican samples

compared to the Cambridge reference sequence. The “i” stands for insertion.

1111111111111121111111211212121111111111111111111111111111111111111
6666666666666666666666666666666666666666666666666666666666666666
0000001111111111111111111122222222222222222222222223333333333333
3588990112224456678888899901123344455667778899999990011122256666
8116235144692836821378902393430915968450184601234690918905770128

1

Ref AAATTTTCCTTGCCGACTAACCTCC-TGCCACACTCACACTCACCCCACCAAATAGCTCTCGTT

ARMOL i e e e e e Teveiiiiin. T...... T Gevevnnians 1
AAMO2 ... A.T..TC..TGC...... TG ettt i i it ettt e C..T....... 1
ARAMO3 i e e e e Lo e e e e ettt et T.ooo... 1
ARMO4 i e e e e e Teeiiiiiinn T...... T Gevevnnnnnn c1
AAMOS ... Covvinnn T.C...... Teoonnn. T.T.T..... G..... Covinnnnin 1
ARAMOG i e et et e e e e e Teveien.. T..o.o... T Geviviinnn 1
AAmO07 ..... C.T..Coviininnn. T.C...... T T.T..... G..... Covivnnnnnn 1
AAmMOS8 C e Govvnnnnnn Teeiiiiiienn T..o.o... T Gevennnninn 1
AAm09 ........... A.T..TC..TGC...... B C..T.o.oun.. 1
AAm10 Gttt e e e e e e Teviiiiinn.. Tt et it i i i i e 1
AAm1l ..... Covinnnnnnn C.Coviviinn Tt e e e e e i e T 1
AAml2z2 ..... C CCi ittt ii i Lo et e i e ittt ettt ittt 1
AAmMI3 ..., Covvn [ Tt e e i i e et ittt ettt 1
AAml4 ......... Coe et e i e Teveeeenn.. Tt e e e ettt i e e c. 1
BAIMIS  teteee e G Covennnnn 1
AAM16 ... TC e e et e iiiie R CT e et i i i e e e e e c. 1
AAm17 ... A.A...ooeee.. C.T Teveiiiiinn T...... T Gevevniiann 1
I T e et e e e e 1
AAm19 ... Tooeooo. Covnnn T e e e e e e e e e i e e C c. 1
AAmM20 O T..... Tooeonn. T et e i i ittt ettt 1
ARM21 e C Covunn T e e i e e et ettt T....... 1
ARAM22 i ettt Covunnn Tt e e e e e it ii i T 1
ARAM23 it et et e et e T.o.o... Tt e G..... T.ooo... 1
AAm24 ..., Coeee e i e i e Teeeiiiiinn T i i i e e e c. 1
N Teviiiiiinn T...... T Gevevniinn 1
AAF2 ..., Ceeee e e Teveeennn. CTe et i i e i e e c. 1
AAF3 Coool. Cc A e e e e e e e e S 1
AAF4 C ettt e e e Teeeiiiiin T.TT T T..... 1
N Teviiiiiienn T..... G...... Gevevnnnnn 1
AAF6 ... Col e i T. Covininin Tooooo... C.A...... c. 1
N N Tt e e e e i et e e T 1
AAF8 ..., Covivvnnnn T.C...... Toooon.. T.T.T..... G..... Covivnnnnnn 1
AAF9 ... Ceee e e Teweiiiiinn T e i i i e e e c. 1
ARAF10 i it e e e Covnnn Teviinienn.. T.oo.o... T G.voovnn C 1
0 2 L Covivnnnnnn 1
N T T..... T 1
AAF13 Covvvnns A.T..... -..C..Coiiiiii i T Geviniiiii 1
N N Teveeeenn.. T.o.o... T Geveviiien 1
AAF1S ... A.T..TC..TGC...... TG Tt e i C..T....... 1
AAFl6 ... Ao T.C..... TT........ C..T.A.T..T Covvnn T 1
AAF17 G..C....... Ao, T.C...... Teeeiiiii TG GT Covvnn T 1
AAF18 ...... Coveii i L T...... T i i 1
AAF19 ..... Covivnnnnn [ T.oo.o... C ottt e e e e e 1
AAF20 o i it e e e C.T Teveeen.. T..o.... T Geveviiinnnn 1
AAF21 i e e e e e e Tevenennn Tt iiiee e Covevnnnnnn 1
AAF22 ot e C.T Teeiiiiiin T...... Teeiiiiiii. C 1
AAF23 Covivnn Ao T.C...... T..Govvnnn T T..T Covenn T 1
AAF24 ... Av A ittt S T e e it e e 1
AAF25 ..., Covinnnnnnn. Covunnn Teveiiiiinn T T et i i i e 1
AAF26 ... Cee e e Teviiiiin. T i e c. 1

the populations chosen as the parental ones. A further The second considerable problem is in the large

source of confusion may be created by geneticists statistical uncertainty of admixture estimates based
and molecular anthropologists when they use inac- on mtDNA and Y-chromosome polymorphisms.
curate ethnolinguistic labels and/or assume particular ~ Given their intrinsic nature of single loci in evolu-
populations as representative of wider groups [27].  tionary terms, both the uni linearly transmitted ge-
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Table 2. Seven loci Y chromosome haplotype frequencies in 23 African-American subjects.

t |35l 2| 8|5 8|38 |38|38]|%.|z%¢E
g = 3 g 7 ] 2] 12 2 12 =8 =
i | E 2| &z | z | &8 | & | & | & | E|:zz
Z = = = 7nAa

AAO1 2 17 14 31 21 10 11 15 0.0870 0.0601
AA02 3 16 13 30 21 10 11 14 0.1304 0.0718
AAO03 1 14 13 29 24 10 13 13 0.0435 0.0435
AA04 1 15 14 33 21 10 11 13 0.0435 0.0435
AAO05 1 16 14 31 25 10 11 13 0.0435 0.0435
AA06 1 14 12 28 25 10 11 13 0.0435 0.0435
AAQ07 1 15 14 32 21 10 11 13 0.0435 0.0435
AA10 1 14 12 28 24 11 13 13 0.0435 0.0435
AALll 1 15 14 31 21 10 10 13 0.0435 0.0435
AA12 1 17 13 30 21 11 11 15 0.0435 0.0435
AA13 1 15 13 30 22 10 13 13 0.0435 0.0435
AAl4 1 14 13 29 24 11 13 14 0.0435 0.0435
AAl6 1 14 12 28 22 10 11 13 0.0435 0.0435
AA17 1 17 14 31 20 10 11 14 0.0435 0.0435
AA18 1 15 12 27 23 10 14 13 0.0435 0.0435
AA19 2 15 13 31 21 10 11 13 0.0870 0.0601
AA22 1 14 14 30 24 11 13 13 0.0435 0.0435
AA223 1 14 13 30 24 11 13 13 0.0435 0.0435
AA24 1 14 12 28 23 10 11 13 0.0435 0.0435

Table 3. Haplotype and molecular intra-population diversity measurement in African-Americans and Africans.

Mitochondrial DNA estimates refer to nucleotide positions 16090 to 16365. Y-chromosome estimates refer to the five
loci haplotypes (DY S3891, DYS3910, DYS391, DYS392 and DYS393).

mtDNA Y-Chromosome
n HD (SE) MNPD (SE) | MNPD/HD | n HD (SE) MNPD (SE) | MNPD/HD
African-Americans I | AAL | 50 | 0.984 (0.009) | 7.291 (3.471) 7.410 23 1 0.976 (0.0201) | 2.818(1.543) 2.887
African-Americans 2 | AA2 | 230 | 0.993 (0.002) | 7667 (3.587) 7.721 106 | 0.978 (0.0045) | 2.839 (1.508) 2.902
African-Americans 3 | AA3 | 78 | 0.987(0.006) | 6.651(3.173) 6.739 426 | 0.984 (0.0022) | 3.034 (1.584) 3.082
Bakaka BAK | 50 | 0.983(0.008) | 9.457 (4.414) 9.620 49 | 0.796 (0.0270) | 1.232(0.796) 1.548
Bamileke BAM | 48 | 0.988(0.007) | 7.869 (3.725) 7.965 50 | 0.850)0.0375) | 1.875(1.091) 2.207
Bassa BAS | 46 | 0.991 (0.007) | 9.194 (4.306) 9.277 49 | 0.843 (0.0355) | 1.764 (1.040) 2.093
Beti BET | 48 | 0.965(0.012) | 8.395(3.955) 8.699 36 | 0.916(0.0232) | 1.738 (1.035) 1.898
Cabinda CAB | 110 | 0.988(0.003) | 8.960 (4.159) 9.069 72 1 0.900 (0.0168) | 1.993 (1.138) 2215
Ewondo EWO | 53 | 0.983(0.008) | 9.666 (4.500) 9.833 39 | 0.804 (0.0449) | 1.505 (0.926) 1.871
Fulbe FUL | 34 | 0.975(0.016) | 6.460 (3.134) 6.626 27 1 0.946 (0.0253) | 2.644 (1.456) 2.795
Guinea Bissau GUB | 372 | 0.985(0.002) | 7.466 (3.496) 7.580 162 | 0.937(0.0110) | 2.183(1.215) 2.330
Mozambique MOZ | 107 | 0.967 (0.007) | 8.216(3.839) 8.496 112 1 0.907 (0.0152) | 1.975(1.125) 2.177
Ngoumba NGO | 44 | 0.984(0.007) | 8.798 (4.137) 8.941 36 | 0.929(0.209) | 2.324 (1.301) 2.502

HD: haplotype diversity; SE: standard error; MNPD: mean number of pairwise differences.
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Figure 1. Scatterplots of MNPD and HD values for mtDNA and Y-chromosomes in the populations under study.
Abbreviations are given in Table 3. Dotted lines indicate the 95.0% confidence interval for the regression line obtained

for African populations.

netic systems generally produce values with extended
confidence intervals that substantially overlap (e.g.,
see estimates for Maryland, Texas and Virginia of
table 5 in [9]).

A possible approach is represented by the search
for possible effects of gene flow on intra- and inter-
population genetic variation. Since the two genetic
systems cannot be directly compared due to sub-
stantial difference in types and rate of mutations and
demographic dynamics, we have compiled a paired
mtDNA and Y-chromosomal population database
including both European and African populations
[25,28]. This makes it possible to compare the ex-
tent of mtDNA and Y-chromosome variation within
a given population, by contrasting it with data from
other populations included in the database.

An incoming European male-biased gene flow
predicts a greater ratio of Y-chromosome to mtDNA
diversity for African-Americans than for African
populations. This expectation is met by our African-
American sample. In fact, their mtDNA HD is equal
or lower than in five African populations, where-
as their Y-chromosomal value is higher (Table 3).
The greater diversity of African-Americans is even
more evident comparing MNPD, a measure which
weighs molecular differences. In this case, the di-
versity between Europeans and Africans may have
a greater impact than happens with HD, in which
the extent of inter-haplotypic differentiation is not
taken into account. In fact, there are eight African
populations with a mtDNA MNPD higher than our

African-Americans, and only one for the Y-chromo-
somal polymorphisms. It is noteworthy that the lat-
ter case involves the Fulbe, a population which has
been shown to have undergone a male-biased gene
flow due to African migrations [29]. Although no
inference on asymmetric gene flow can be made for
other African-American populations, it is remark-
able that the ratio between molecular and haplotypic
measures of intra-population diversity are the lowest
for mtDNA and the highest for Y-chromosome poly-
morphisms (Figure 1).

A male-biased gene flow in African-Americans
from Chicago, IL, USA is also supported by the
analysis of genetic distances (Table 4). They show
the lowest genetic distance (both molecular and hap-
lotypic from Europeans for Y-chromosomal polymor-
phisms but not for the mtDNA ones. Furthermore, the
ratio of mtDNA to Y-chromosomal genetic distances
from Europeans is markedly higher (18.3-38.3% for
molecular and haplotypic distances, respectively)
than all African groups. The introgression of Y-chro-
mosomes into other African-American populations
is consistent with their comparatively low genetic
distance from Europeans.

To sum up, our results coherently support the
hypothesis that the African-American sample under
study has undergone a European male-biased gene
flow. On a more general note, our research showed
that comparative analysis of intra- and inter-popula-
tion variation for Y-chromosome and mtDNA poly-
morphisms in a broad dataset including African and
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Table 4. Average genetic distances of Africans and African-Americans from Europeans.

Molecular Distances Haplotype Distances

mtDNA Y Chrom. mt/Y mtDNA Y Chrom. mt/Y
African-Americans | AAl 0.219 0.281 0.779 0.027 0.024 0.151
Bakaka BAK 0.240 0.624 0.385 0.028 0.120 0.232
Bamileke BAM 0.267 0.456 0.585 0.025 0.095 0.270
Bassa BAS 0.266 0.598 0.445 0.024 0.098 0.241
Beti BET 0.312 0.477 0.653 0.036 0.058 0.624
Cabinda CAB 0.250 0.435 0.575 0.025 0.066 0.374
Ewondo EWO 0.278 0.528 0.527 0.028 0.114 0.244
Fulbe FUL 0.198 0.399 0.496 0.032 0.038 0.832
Guinea Bissau GUB 0.184 0.560 0.328 0.026 0.052 0.501
Mozambique MOZ 0.254 0.415 0.612 0.035 0.067 0.528
Ngoumba NGO 0.248 0.377 0.659 0.025 0.058 0.427

Europeans groups, may help detect admixture signa-
tures, providing a useful complement to methods for
admixture estimates.
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ABSTRACT

Centromere-near gain of copy number can be in-
duced by intra- or inter-chromosomal rearrangements
or by the presence of a small supernumerary marker
chromosome (sSMC). Interestingly, partial trisomy
to hexasomy of euchromatic material may be present
in clinically healthy or affected individuals, depend-
ing on origin and size of chromosomal material in-
volved. Here we report the known minimal sizes of all
centromere-near, i.e., proximal auto-somal regions in
humans, which are tolerated; over 100 Mb of coding
DNA are comprised in these regions. Additionally,
we have summarized the typical symptoms for nine
proximal autosomal regions including genes obvi-
ously sensitive to copy numbers. Overall, studying
the carriers of specific chromosomal imbalances using
genomics-based medicine, combined with single cell
analysis can provide the genotype-phenotype corre-
lations and can also give hints where copy-number-
sensitive genes are located in the human genome.

INTRODUCTION

Autosomal Proximal Chromosome Imbal-
ances. The finding of unbalanced chromosomal
abnormalities (UBCA) was recently reviewed and

Jena University Hospital, Friedrich Schiller University, Institute of
Human Genetics, D-07743 Jena, Germany

summarized from a total of 200 families. The UBCA
usually involve several megabases of DNA. Carriers of
such UBCA are ascertained due to adverse reproduc-
tive effects or dysmorphic and/or mentally retarded
offspring; the carriers themselves have an otherwise
normal phenotype. Unbalanced chromosomal abnor-
malities have been reported for more than 50 euchro-
matic regions of almost all human autosomes [1,2].

Unbalanced chromosomal abnormalities lead-
ing to gain of genetic relevant material within the
autosomal centromere-near region were not compre-
hensively followed in the above mentioned studies
[1,2]. Such centro-mere-near, i.e., proximal chro-
mosomal imbalances (C-UBCA), can be induced by
small supernumerary marker chromosomes (sSMCs)
[3,4] and also by intrachromo-somal duplications [4].
While the latter are rare events and no reliable data
on their frequency is available, sSSMCs are present in
0.043% of human beings [5]. With a given population
size of 7 x 10° individuals, 3 x 10® sSSMC carriers
are presently alive. As ~2/3 of these do not show any
symptoms, ~2 x 10° do not even know of their condi-
tion. Euchromatin is present in ~36.0% of those sSSMC
cases that do not lead to any clinical symptoms (Table
1) [6]. N.B.: sSSMC, irrespective of origin and genetic
constitution may cause fertility problems, especially
in males [7]. Thus, infertility was not considered as
an ‘abnormal phenotype’ in this study.

Even though partial trisomy is the most frequent
imbalance induced by sSMC, tetra- or even hexasomy
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Table 1. Summarized here are 478 autosomal derived sSMC
cases, which are characterized in detail for their size and genetic
content; all of them can be found on the sSSMC homepage [6]. All
these cases are not associated with any clinical abnormalities. In
174, i.e., 36.4%, proximal euchromatic material was present. As
can be seen, the rates of cases with and without euchromatin vary
from chromosome to chromosome. In general, in acrocentric de-
rived sSSMC, cases without euchromatin are in the majority, while
it is the other way round in most non acrocentric derived sSMC.

Chromosomes Cases With Cases Without
Euchromatin Euchromatin

1 4 11
2 9 2
3 10 2
4 1 0
5 8 5
6 1 1
7 1 0
8 9 2
9 18 1
10 6 1
11 2 1
12 6 2
13 1 0
14 6 53
15 35 136
16 11 8
17 2 0
18 9 2
19 5 1
20 6 6
21 8 1
22 16 69

Overall 174 304

of proximal euchromatin may be present in clinically
healthy individuals [6]. Here we present the latest
known proximal, centromere-near regions and their
minimal molecular borders. The corresponding index
cases were previously published and are summarized
on the sSSMC homepage [6]. This study intends to give
areview on the clinical impact of proximal autosomal
imbalances. A special focus is hereby laid on gain
of copy numbers. For this, the following steps were
necessary: i) define the pericentric regions that can
be present as additional copy(ies) without causing
any clinical phenotype. ii) After the definition of such
copy number insensitive regions, in a second step,
proximal autosomal regions including genes poten-
tially sensitive to copy numbers can be defined. iii)
Such copy number sensitive regions can be correlated

16

with specific, typical symptoms; the latter already be-
ing possible for nine centromere-near regions in this
study and there will be more in the future.

What Can be Learned From Cases With
Chromosome Imbalances? It was nicely summa-
rized back in 1993 [8] that structural autosomal im-
balances may lead in ‘typical cases’ to syndromes
with a complex of minor anomalies and/or congenital
malformations. The latter ‘suggests the importance
of gene interaction in determining the phe-notypic
picture of autosomal imbalance syndromes’ [8]. Du-
plication-related syndromes are much more frequent
than deletion-related ones, and thus, it is common
sense that in general, duplications of several Mb in
size are better tolerated by the human genome than
deletions of the same size. This has also recently been
confirmed on the level of micro-duplications and
-deletions [9]. Overall, chromosomal imbalances can
point towards dosage sensitive genes being responsi-
ble for specific syndromes or clinical features. A good
example is the dosage sensitive peripheral myelin
protein 22 (PMP22) gene in 17p11.2: a duplication
of 1.4 Mb including PMP22 leads to the hereditary
motor and sensory neuropathy type 1A and the re-
ciprocal deletion to the hereditary neuropathy with
liability to pressure palsies. However, also specific
mutations in PMP22 itself can cause the identical
syndromes [10].

Moreover, UBCA of several Mb in size have
been reported, which surprisingly, do not have any
clinical consequences [1,2]. At the same time, they
are not pure copy number variants (CNV) such as
those recently found for a cytogenetically visible
amplified region in 8q21.2 [11]. In summary, there
are genetically relevant regions which can be toler-
ated if ‘amplified’ as three or more copies; the reason
for that is most likely that they do not comprise dos-
age sensitive genes. In summary, studying carriers of
specific chromosomal imbalances can provide geno-
type-phenotype-correlations, and also give hints as to
where copy-number-(in)sensitive genes are located
in our genome.

Where to Find Proximal Chromosome Im-
balances in Humans. Centromere-near imbalances
may principally appear as deletions or duplications.
However, practically no reports of proximal deletions
are available in the literature. The only exceptions are
offspring of carriers with an sSSMC formed by the Mc-
Clintock mechanism [12], e.g., as reported for a child
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having the karyotype 47,XY,del(2) (p12pl1.1) due
to a maternal cytogenetic condition (47,XX,del(2)
(p12p11.1),+r(2)(::p12—pl1.1::) [13]. Only eight
corresponding cases are available in the literature [6]
and all these patients were severely affected.

The best suited patients to study proximal dupli-
cations would be those with proximal intrachromo-
somal rearrangements, as direct or inverted duplica-
tions or unbalanced insertions, because these cases
would be non mosaic [4]. However, such cases are
scarce (summarized in Table 2). Most of these ~200
cases were only studied cytogenet-ically and no in-
formation on the molecular size of their duplicated
region is available [6].

In contrast, the largest and best characterized
group where to find proximal duplications are patients
with sSSMC [3-7,14-16]. Besides their cytogenetic
characterization, more and more cases were charac-
terized at the molecular level by array-comparative
genomic hybridization (aCGH) studies [4,17,18].
However, when analyzing this group of patients one
has to consider the following drawbacks: i) sSSMC car-
riers may be mosaic with normal cell lines and/or may
have different levels of mosaicism in different tissues;
thus, harmful sSMC sizes may be rated as harmless
[19], and ii) also harmless sSSMC may be considered to
be harmful if they appear together with a uniparental
disomy (UPD) [20], or a mutation in a monogenic
disorder gene [21]. Thus, results for regions including
or excluding most likely dosage-sensitive genes, i.e.,
C-UBCA, have to be handled carefully. Nevertheless,
sSMC carriers are much more frequent and better
characterized on the molecular level than intrachro-
mosomal duplications, and are thus used here as a
model system for proximal duplications.

MATERIALS AND METHODS

This study is based on the data summarized on
the sSSMC-homepage [6]. All raw data is freely avail-
able and can be followed down to each individual
case. The data used for the present study is summa-
rized in Tables 1 through 4.

Proximal Chromosomal Imbalances Without
Clinical Consequences. The available in detail char-
acterized sSMC cases [6] were studied by various
approaches. In the majority of cases, the sSSMC were
characterized exclusively by molecular cytogenetics
and the breakpoints are given as cytobands without

Table 2. The ~200 case reports of proximal intra-autosomal du-
plications are summarized per autosome and distinguished in
clinically normal and abnormal cases [6].

Clinicall Clinicall
Chromosomes Normaly Abnormgl

1 1 8

2 0 5

3 0 1

4 0 2

5 0 4

6 0 3

7 0 2

8 0 2

9 4 2
10 1 4
11 3 3
12 0 11
13 0 2
14 0 1
15 32 >50
16 2 16
17 0 5
18 22 3
19 0 0
20 0 4
21 0 3
22 3 3

Overall 68 >134

molecular assessment of the exact breakpoint. In ad-
dition, there are already numerous sSMC cases char-
acterized by well-defined locus-specific probes used
in fluorescence in situ hybridization (FISH) and/or
by aCGH [6]. In Table 3, the presently characterized
C-UBCA are summarized. Overall, it could be shown
that at least 96.8 Mb of the proximal chromosomal
regions are tolerated as triplicates or more (Table
3). While for proximal 6q there is neither molecu-
lar nor cytogenetic hint for any dosage independent
C-UBCA, in all other proximal autosomal parts at
least cytogenetic evidence for C-UBCA in healthy
individuals is there.

Except for proximal parts of 1q, 6p, 6q and 13q,
there are molecular hints on C-UBCA for every chro-
mosome arm, being at least between 0.07 and 10.23
Mb in size. According to cytogenetics, no less than
16 of the 39 autosomal proximal non dosage sensitive
regions (= C-UBCA) are larger than already proven
by aCGH, i.e., 2p, 3p, 3q, 6p, 8p, 89, 9p, 99, 10p, 10q,
11p, 12p, 19p, 19q, 20p and 22q (Table 3).
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Table 3. All 39 proximal autosomal regions containing no copy number-sensitive genes are summarized. According to the sSSMC-
homepage [6], the positions and sizes of duplications are given in columns 2 and 3. Column 4 summarizes if the C-UBCA may be
larger according to non molecular cytogenetic results. Additionally, in the last two columns it is indicated if the C-UBCA is based
on mosaic or non mosaic sSSMC cases, and if more than three copies were present in the corresponding index cases. (UCSC: Uni-
versity of California Santa Cruz genome browser; http://genome.ucsc.edu).

Molecular Bands Region Expected to be Larger
Chromosomes Size (Mb) According to Molecular Mosaic |[>Three Copies
(UCSC hg18, 2006) .
Cytogenetic Results

Ip 118.33-121.10 2.80 [+/-] ) -
1q 142.40-22.22 n.a [++] + -
2p 89.60-91.00 1.40 [++] + 14}
2q 95.70-101.58 5.88 [+-] + {4}
3p 87.60-89.40 1.80 [++] - {4}
3q 93.20-96.01 2.81 [++] + {34}
4p 44.03-48.70 4.67 [+/-] + -
4q 52.40-62.63 10.23 [+/-] + -
5p 37.21-45.80 1.41 [+/-] - {4}
5q 50.50-55.27 4.77 [+/-] + 4}
6p 22.22-58.40 n.a. [++] + -
6q 63.40-72.77 n.a [+/-] n.a. n.a
7p 56.45-57.40 0.95 [+/-] + -
7q 61.10-67.00 5.90 [+/-] + -
8p 42.50-43.20 0.70 [++] + {4}
8q 48.10-48.30 0.20 [++] + -
9p 42.96-46.70 3.74 [++] + {4}
9q 70.00-70.50 0.50 [++] + -
10p 34.75-38.80 4.05 [++] @) -
10q 42.10-43.82 1.72 [++] - -
11p 50.95-51.40 0.45 [++] - -
l1q 56.40-60.23 3.83 [+/-] + {4}
12p 28.47-33.20 4.73 [++] + -
12q 36.50-39.90 3.40 [+/-] + -
13q 18.40-72.2? n.a. [++] - 34
14q 19.10-19.88 0.78 [+/-] - +4
15q 18.40-21.05 265 [+-] - e
16p 28.86-34.40 5.54 [+/-] - -
16q 45.50-46.02 0.52 [+/-] - {+4}
17p 18.68-22.10 3.42 [+/-] + -
17q 23.20-23.32 0.12 [+/-] + -
18p 12.80-15.40 2.60 [+/-] () {4}
18q 17.30-18.12 0.82 [+/-] + -
19p 22.98-26.70 3.72 [++] + {4}
19q 30.20-36.90 6.70 [++] + -
20p 24.96-25.70 0.74 [++] + 14}
20q 28.40-29.93 1.53 [+/-] + gg
21q 13.20-14.85 1.65 [+/-] - 14}
22q 16.30-16.37 0.07 [++] - -

+/—: no larger C-UBCA expected; (-): in part mosaic index cases; n.a.: not available; ++: larger according to molecular cytogenetic
results; {}: mosaic; —: no mosaic; +: mosaic; +;4: four copies; +;6: six copies.
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Table 4. Clinical consequences of larger proximal autosomal imbalances for nine corresponding regions are summarized [6]. Com-
mon specific clinical symptoms were observed in crucial parts of the 5-12 cases, each; for 4q only two cases were available, both
showing overgrowth. Unspecific symptoms such as mental retardation developmental delay or dysmorphic face were neglected but
normally also present in these cases. For 22q cases with cat eye syndrome were excluded.

Symptom — Chromosome Region | 1p 1q

4q S5q 7q

Autism + —

Finger/toe/foot malformations + -

_ _ + _ _ _ _

Growth retardation —

+ |+

Heart defects -

Hernia - -

Hypotonia

Macrocephaly — —

+|+ |+
|
|
|
|
+

Overgrowth - —

I
J’_
I
I
I
I

Seizures - -

Urethral problems — —

Twenty-four of the 38 informative proximal au-
tosomal regions are based on mosaic sSSMC cases.
Thus, the data summarized in Table 3 is still to be
considered as preliminary in those cases, even though
in >99.0% of sSMC cases, mosaicism detected in
peripheral blood plays a minor role for the clinical
outcome [22]. Mosaicism may play a role for the
phenotype if its rates are variant in different tissues of
the body [23]. The C-UBCA regions 1p, 3p, 5p, 10p,
10q, 11p, 13q, 14q, 15q, 16p, 16q, 18p, 21q and 22q
were reported in non mosaic cases. The remaining
regions await such proof.

Another issue to be reflected is the copy num-
ber of a C-UBCA tolerated by the human genome.
At least, for 15 C-UBCA low mosaics (maximum
20.0%) of cells having four (or in one case of 20q
up to six) copies of the corresponding regions are
tolerated. The C-UBCA of chromosomes 13q, 14q
and 15q can be present in four copies in normal car-
riers in 100.0% of the studied cells. For 15q, even
six copies are possible (Table 3).

Autosomal Proximal Imbalances Leading to
Clinical Consequences. In case an sSSMC or an in-
trachromo-somal duplication is larger than the critical
region for harmless sSSMC, as summarized Table 3, a
variety of clinical problems can be the consequence
for the sSSMC carrier. Besides well-known syndromes
such as isochromosome-12p (Pallister-Killian syn-
drome) [24], -15q [25], -18p [26] or -22q (cat-eye-
syndrome) [27], a variety of symptoms can be as-
sociated with an sSSMC-induced imbalance [3,6]. In
most cases the correlated symptoms are rather non

specific. However, first potentially specific symptom
combinations for nine corresponding imbalances are
summarized in Table 4. In future, it should be pos-
sible for at least some of these proximal autosomal
imbalances to define new, possibly even clinically
recognizable, syndromes [3].

CONCLUSIONS

The sSMC are a long time underestimated
source for the understanding of proximal chromo-
somal imbalances in humans. New information on
regions of the human genome, possibly inert to copy
number changes, can be acquired from this group of
patients. Moreover, effects such as heterochromati-
zation [3] or feedback-loops in gene regulation [28]
might also be considered for the understanding of the
effects of such imbalances. Comprehensive studies of
more aberrant cases will also lead to new genotype-
phenotype correlations and to the possibility of a
clinical sub-differentiation of more sSMC cases. All
these goals can only be achieved by a sophisticated
balance of single cell analysis (such as in mosaic
cases) and genomics-based medicine (such as for
array-based approaches).
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ABSTRACT

Cytogenetic heteromorphisms are described as
variations at specific chromosomal regions with no
impact on phenotype. The purpose of this study was
to investigate the effects of these chromosomal poly-
morphisms involved in reproductive failure in the
Romanian population.

One thousand eight hundred and nine infertile pa-
tients, who were referred to Life Memorial Hospital,
Bucharest, Romania, between January 2008 and April
2011, were investigated in this retrospective study.
The frequency of chromosomal polymorphic vari-
ations was calculated for these patients. The control
group is represented by 1116 fetuses investigated by
amniocentesis between January 2009 and April 2011.

In this study 122 (6.74%) infertile patients and 63
fetuses (5.65%) showed chromosomal polymorphic
variations. The differences between the two groups
was not statistically significant (p <0.242) but there
was statistical significance for some specific chromo-
somal polymor- phisms [inv(9),1gh+, 9gh+, fra(17)].

Some chromosomal polymorphic variations ap-
pear to be associated with reproductive failure. The
statistically significantly higher incidence of hetero-

! Life Memorial Hospital, Bucharest, Romania

2 Department of Genetics, Faculty of Biology, University of Bucharest,
Bucharest, Romania

chromatic variations found in infertile individuals
emphasizes the need to assess their role in infertility
and subfertility.

Keywords: Chromosomal abnormalities; Het-
erochromatic variations; Infertility; Inversion; Sub-
fertility.

INTRODUCTION

Infertility is a significant marital problem, affect-
ing up to 15.0% of couples of reproductive age [1,2].
Infertility can be caused by defects in the develop-
ment of the urogenital system or defects in function
of the endocrine system, including the hypothalamic-
pituitary-gonadal axis, or by defects in gametogen-
esis, sexual function, fertilization or early embryonic
development [3]. Secondary or acquired infertility,
such as after tubal diseases, vasectomy or exposure
to gonadotoxins may also occur [4].

Genetic pathology is an increasingly important
part of general human pathology as the number of
described genetic diseases and their frequency in-
creases. Study of human chromosomes play a key
role in diagnosis, prognosis, treatment and moni-
toring of chromosomal abnormalities. In order to
provide genetical counseling for affected families,
cytogenetic analysis is the crucial investigation.

Several studies have been published regarding
chromosome analysis in couples with reproductive
failure who are referred for IVF (in vitro fertilization)
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or other treatments [5]. The incidence of chromo-
somal abnormalities in people with infertility appears
to be greater than the overall incidence of chromo-
somal abnormalities in the general population [6]. It
is unclear whether chromosomal abnormalities are
one of the main causes of infertility in the human
population. Many researchers believe that there is an
association between genetic abnormalities and infer-
tility in both men and women [7,8]. Approximately
40.0% of infertility cases are due to male pathology,
40.0% to female pathology, and the remaining 20.0%
is a combination of the two [8]. About 5.0% of infer-
tile men have chromosomal abnormalities, most of
which involve sex chromosomes.

Chromosomal abnormalities are a major cause
of male and female infertility and can be defined
as an alteration of function and structure of chro-
mosomes [9]. Cytogenetic abnormalities, both ac-
quired and inherited, are one of the most common
genetic causes of miscarriages early in pregnancies
[10]. Most chromosomal abnormalities may cause
a genetic imbalance that causes various phenotypic
abnormalities (delayed growth and development,
multiple congenital anomalies, disorders of sexu-
ality and reproduction, etc.) due to partial trisomy
or monosomy of the regions involved. Cytogenetic
studies have been reported to determine the contribu-
tion of chromosomal abnormalities in patients with
reproductive failure [11].

The purpose of the present study was to investi-
gate the effects of chromosomal polymorphic varia-
tions involved in reproductive failure. Polymorphism
variations mainly refer to the variants in the chromo-
somal heterochromatin region. To be classified as
variants, chromosomal poly-morphisms needed to
be at least twice the size of the corresponding region
on the second homologous chromosome [2]. Poly-
morphic variants on non acrocentric chromosomes
usually occur in the paracentric heterochromatin on
the long arms of chromosomes 1, 9 and 16, the short-
arm regions of the D and G group chromosomes, and
the distal heterochromatin of the Y chromosome.
Increased lengths of the heterochromatic regions on
the long arms of these chromosomes are designated
as 1gh+, 9gh+, 16gh+ and Ygh+. The heterochro-
matin can be reduced in these chromosomes, such
as in the case of 1gh—, 9gh— and 16gh—. Increased
lengths of the short-arm satellites of the acrocentric
D and G group chromosomes (13, 14, 15, 21 and 22)
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are designated as 14ps+ and 13ps+, while increased
lengths of the short arms themselves are designated
as p+ (e.g., 15p+) [12]. Because the heterochromatic
region consists of highly repeated sequences of sat-
ellite DNA that does not encode proteins, the chro-
mosomal polymorphism variations are considered
normal karyotypic variations [13]. However, many
recent studies indicate that chromosomal polymor-
phisms may cause certain clinical effects, such as
infertility and spontaneous miscarriage [12,14,15].

MATERIALS AND METHODS

During the period from January 2008 to April
2011, 1809 infertile patients (969 men and 840 wom-
en) were referred to the Department of Reproduc-
tive Medicine, Life Memorial Hospital, Bucharest,
Romania. Informed consent was obtained from the
patients and donors prior to collection of heparinized
blood samples. These patients were investigated for
the frequency of chromosomal polymorphic varia-
tions. All the patients were evaluated by a skilled
medical specialist and tested for antiphospholipid
antibodies and relevant hormones. Ultrasonography
was performed to rule out other causes of infertility.
All cases were Caucasians.

The control group, considered to be a sample
of the fertile population, consisted of 1116 fetuses
(originating from spontaneous pregnancies). This
group was investigated by amniocentesis in the pe-
riod between January 2009 and April 2011. None of
the pregnancies was obtained by an assisted repro-
ductive technique (ART) and the reasons for referral
were standard indications for amniocentesis such as
abnormal serum screening levels or advanced ma-
ternal age.

Amniotic fluid samples were cultured in Amnio-
max complete medium (Gibco, Grand Island, NY,
USA) and peripheral blood samples in PBmax and
Chromosome B medium (Gibco); G-banded chromo-
somes were analyzed after harvesting [16]. At least
15 metaphases were analyzed for each case and 10
metaphases were karyotyped using light microscopy.
The banding resolution was 400-550 bands per hap-
loid set (BPHS). The results of the two groups were
then compared.

Heteromorphism variations were reported ac-
cording to the recommendations of the International
System for Chromosome Nomenclature 2009 [17,18].
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Statistical Analyses. The results for the two
groups were compared using the two-tailed Fisher’s
exact test and calculated on line at the GraphPad Soft-
ware website (http: //www.graphpad.com/quickcalcs/
contingencyl.cfmS).

RESULTS

Cytogenetic analysis revealed a number of
numerical and structural abnormalities, but in this
study only chromosomal polymorphisms involved
in infertility are reported (Table 1). Chromosomal
polymorphism were found in 122/1809 (6.74%) infer-
tile patients in the study group and 63/1116 (5.65%)
fetuses in the control group; this was not statistically
significant (p = 0.24) (Figurel). The difference be-
tween the patients and controls for some specific chro-
mosomal polymorphisms is statistically significant
[e.g., inv(9), 1gh+, 9gh+, fra(17)]. This shows that
there was a noteworthy relation at risk of infertility
and polymorphic variants. The frequencies, according
to our study, of the chromosomal polymorphisms for
patients and controls are shown in Table 2. The most
common variant observed in infertile couples was
inv(9) (2.27%). Other chromosomal variants with a
high incidence were 1qh+ (1.22%) and 9gh+ (1.11%).

Table 1. Numerical and structural abnormalities.

Mierla D, Stoian V

8.00%
7.00%
6.00%
5.00%
4.00%
3.00%
2.00%
1.00%

0.00% T
1 2

1 chromosomal polymorphisms in fetuses (%)
2 chromosomal polymorphisms in infertile patients (%)

Figure 1. Comparison of the frequency of heterochromatic vari-
ations in the two studied groups. The distribution of the chro-
mosomal polymorphisms in the two study groups (fetuses and
infertile patients) is presented in this image.

The least common polymorphic variations in infer-
tile couples were usually observed in the para-centric
heterochromatin on the long arms of chromosomes
16, 16gh+ (0.28%), the short-arm of the D and G
groups of chromosomes 15ps+ (0.22), 21ps+ (0.33),
22ps+ (0.44%), and the distal heterochromatin of the

Chromosomal
Abnormalities

Karyotype

Trisomy X
Trisomy XXY
Trisomy XYY

Monosomy 45,X

Numerical abnormalities

47,XXX

47 XXY

47 XYY
45X

Structural abnormalities Inversion

46,XY,inv(1)(p12q23)
46,XX,inv(1)(p31ql3)
46,XX,inv(3)pllqll.2)
46,XY,inv(3)(pl1ql1.2),inv(9)(p11q13)
46,XX,inv(5)(pterq13)
46,XX,inv(8)(p22q13)
46,XY,inv(10)(p11.2g21)

Translocation

46,XY,1(1;4)(q43;q13)
46,XX,1(1;9)(q11;p13)
46,XX,t(1;19)(p13;p13.3)
46,XY,t(3;9)(q28;q32)
46,XX,t(3;13)(p21;p11.2)
46,XX,t(4;13)(p11;ql1)
46,XX,1(9;22)(q34;q11)
46,XX,1(10;19)(q22;q13)
45,XY,t(13;14)(q10;q10)
45,XX,t(14;15)(q10;q10)
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Table 2. Frequency of chromosomal polymorphisms in the studied groups.

Comen Cromn [ [t Gromp T vt
Inversion inv(9)(pllql2) 3.76 42 2.27 41 0.025

1gh+ 0.36 4 1.22 22 0.016

nmotiee | S| 82| (@ om
Yqh+ - - 0.16 3 0.171

Fragile sites ?ra(17) - - 0.66 12 0.006
ra(16) - - 0.05 1 0.429

14pst 0.18 2 - - 0.073

——— N TR
22ps+ 0.45 5 0.44 8 0.998

Total 5.65 63 6.74 122

Y chromosome, Ygh+ (0.16%). The frequency of het-
eromorphisms in females was 2.76% and 3.98% in
males. Twenty males who had heteromorphisms were
oligozoospermic or azoosper-mic. The seven women
with chromosome heteromor-phisms had normosper-
mic partners. As for the 1116 amniocentesis samples
studied, we detected female karyotypes in 533 and
male karyotypes in 583 fetuses. We observed poly-
morphisms in 63 fetuses (5.65%), 30 (1.65%) female
and 33 (1.87%) male fetuses. The most frequent types
of heteromorphisms in the control group were inv(9)
at 3.76%, followed by 1gh+, 9gh+ and 16gh+ variants
(0.36, 0.18 and 0.36%, respectively), followed by D
and G group variants.

DISCUSSION

Reproductive disorders are closely associated
with chromosomal polymorphisms that were con-
sidered normal for a long period of time [19]. In
recent years, more and more studies have shown an
increased incidence of chromosomal polymorphism
variation in infertile couples [20,21]. Some stud-
ies have demonstrated that 2.0-14.0% of infertile
men have constitutional chromosomal abnormali-
ties [20,21]. Chromosomal polymorphism between
the two sexes in our study group showed some dif-
ferences: 72 out of 969 men (7.43%) and 50 out
of 840 women (5.95%). In both male and female
groups, the inversion of chromosome 9 was more
frequent. The most common types of chromosomal
polymorphism in human infertility include inver-
sion of chromosome 9. The frequency of inversions
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in the studied group was compared with rates in
the population and estimated at 1.0-2.0% [22,23].
Involvement of chromosome 9 polymorphisms in
reproductive failure has been reported previously
[24]. There are multiple chromosome 9 heteromor-
phisms that cannot be detected by GTG-banding or
C-banding [25].

In our study, inversion of chromosome 9 was
found in 1.32% men and 0.95% women compared
with literature data; 1.52% in men [26] and 0.66%
in women [22]. Despite being categorized as a minor
chromosomal rearrangement that does not correlate
with abnormal phenotypes, many reports in the litera-
ture raised conflicting views regarding the association
with sterility and subfertility [27,28].

In our study, morphological variations of con-
stitutive heterochromatin were frequently detected
during cyto-genetic analysis. Most often, chromo-
somes vary in size and position of heterochromatin
in the 1qh, 9qh, and 16gh regions. Although inher-
ited variants have been reported not to be associated
with any risk for phenotypic abnormalities, chromo-
somal heteromorphisms have been found to have a
higher frequency relative to the normal population
and have been regarded as abnormalities in some
studies [11,17,20,21]. Recent studies suggest that
classical euchromatic variants of 9gh+/12gh+ and
heteromorphism on chromosome 6q may be respon-
sible for recurrent abortions [29,30]. However, in
this study we found a statistical association between
some chromosomal polymorphisms, namely, inv(9),
1gh+, 9gh+, fra(17) and infertility. In our study, the
frequency of 1gh+ and 9qh+ was statistically signifi-
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cantly increased in women with primary infertility
and in men with azoospermia which was confirmed
by other studies [31,32]. Earlier studies had not in-
vestigated polymorphism and chromosomal aberra-
tions as a determining factor in infertility in Romania,
therefore, this study could important in this regard.

CONCLUSIONS

Chromosomal abnormalities and even heteromor-
phisms are significant etiological factors leading to
fertility problems. The statistically significantly higher
incidence of heterochromatic variations found in in-
fertile individuals in this study emphasizes the need to
evaluate their role in infertility and subfertility.

The overall high prevalence of chromosomal
polymor-phisms in infertile couples, compared to
the normal population, needs to be confirmed with
further investigations and larger study populations to
delineate the role of “harmless” chromosomal aber-
rations in the etiology of infertility.
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ABSTRACT

We conducted a cytogenetic study on 865 in-
dividuals with idiopathic mental retardation (MR)
who were admitted to the Cytogenetics Department
of the Iran Blood Transfusion Organisation (IBTO)
Research Centre, Tehran, Iran; these were performed
on blood samples using conventional staining meth-
ods. Chromosome anomalies were identified in 205
of the patients (23.6%). The majority were Down’s
syndrome cases (n = 138). In 33 males, a positive
fragile X anomaly was found .The remainder (n =
34) had other chromosomal abnormalities including
structural chromosome aberrations (n = 23), marker
chromosomes with an unknown origin (n = 3), sex
chromosome aneuploidy (z = 6) and trisomy 18 (n
=2). The contribution of chromosome aberrations to
the cause of MR in this group of patients is discussed.

Keywords: Chromosome abnormality, Idiopath-
ic mental retardation (MR), Iranian patients.

INTRODUCTION

Mental retardation (MR) is characterized by de-
struction in intellectual abilities, and by an inability
to adapt to the environment and the social situation.
Mental retardation is found in individuals either as an

! Genetics Department, Iran Blood Transfusion Organisation (IBTO)
Research Centre, High Institute for Research and Education in
Transfusion Medicine, Tehran, Iran

% Clinical Genetics Department, National Research Institute of
Genetic Engineering and Biotechnology, Tehran, Iran

isolated finding, or as part of an underlying disorder
[1]. The worldwide prevalence of MR is about 2.3%
[2]. Despite large studies being conducted to discover
the etiology of MR, in less than 50% of MR cases is
the cause identified and the genetic defect known to
be responsible for 17-47% of MR cases [3].

It is known that numerical and structural chro-
mosomal anomalies are one of the most common
causes of MR seen in these patients [4-12]. Identi-
fication of the causes of MR in a patient is of great
importance because of the consequences it has for the
prognosis, risk of occurrence in other family mem-
bers, and prevention. Mental retardation is the reason
for a substantial portion of referrals of patients and
families to the genetic counseling unit. Here we sum-
marize the result of a cytogenetic study performed on
865 mentally retarded Iranian patients consecutively
referred to the Cytogenetics Department of the Iran
Blood Transfusion Organisation (IBTO) Research
Centre, Tehran, Iran.

MATERIALS AND METHODS

Blood samples were collected from 865 idi-
opathic MR patients who were refereed to IBTO for
cytogenetic study. There were 287 females and 578
males. The median age of the patients was 9.5 years.
The patients enrolled in this study had unexplained
MR. In addition, some of them showed stigmata of
dysmorphology, malformations, growth retardation,
family history of MR, developmental delay, miscar-
riages, infertility/subinfertility suggestive of a famil-
ial chromosomal translocation/inversion.
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Chromosomal analysis was performed on phyto-
hemagglutinin (PHA)-stimulated peripheral lympho-
cyte cultures of the patients using standard cytoge-
netic methods [13,14]. A cytogenetic test for fragile
X was performed upon request.

Briefly, peripheral blood lymphocytes were
cultured in 5 mL RPMI 1640 (Gibco®; Invitrogen,
Paisley, Scotland, UK), supplemented with 20%
(v/v) fetal bovine serum (GIBCO®); Invitrogen) and
10 pL/mL phytohemagglutinin (PHA) (GIBCO®;
Invitrogen) at 37°C. After 72 hours of incubation,
40 puL colcemid (10 pg/mL) (GIBCO®; Invitrogen)
was added to the cells. The cells were incubated at
37°C for about 10 mins. The suspension was centri-
fuged, and the pellet was resuspended in 5-10 mL
KCL (0.075 M) for about 20 mins. at 37°C. After
centrifugation, the cells resuspended in fixative (3v
methanol:1v acetic acid) (Merk, Frankfurt, Germa-
ny). The fixative was changed at least three times.
Using a Pasteur pipette, a drop was dropped onto the
slide. The chromosomes were viewed under phase
contrast to assess quality of the metaphases and nu-
clei. The chromosomes were treated with trypsin,
then stained with Giemsa (GTG-banded) after aging.

Twenty to 30 metaphases were analyzed per in-
dividual and in cases of suspected mosaicism, the

numbers of metaphases were increased to a total of
100 for analysis. A resolution of 450-band stage was
considered as a minimum; for a more detailed struc-
tural analysis, 550-700-band stage was preferred. The
routine analysis was based on GTG-banded staining.
For patients with structural chromosome abnormali-
ties or marker chromosomes, a chromosome study of
the parents was recommended and performed if the
parents were alive and available (some of the patients
lived in orphanages) or cooperated.

RESULTS

In our study of 865 screened subjects (287 fe-
males, 578 males), anomalies were identified in 205
of the patients (23.6%). The majority were Down’s
syndrome cases (n = 138, 15.9% of all the screened
MR cases, and 67.3% of the cases with chromo-
some abnormalities). In 33 males, a positive fragile
X anomaly was found (3.8% of all the screened MR
cases, and 16% of the cases with chromosome ab-
normalities).

The remainder (n = 34, 3.9% of all the screened
MR cases, and 16.5% of the cases with chromosome
abnormalities) had other chromosomal abnormalities
(Table 1), mainly structural chromosome aberrations

Table 1. Structural and numerical chromosome anomalies in patients with mental retardation.

30

# | Sex-Age |Clinical Data (in addition to MR) Karyotype (structural chromosomal anomalies) gin;\lflolig
developmental delay; history

) F-9 of three sepsis cases in family 47,XX,del(2)(q22q32.2)+1(2)(q22;q32.2)[81]/46,XX, de novo
(probability of autosomal recessive del(2)(q22;932.2)[9]
immunodeficiency); epicanthic fold

2 F-? further clinical data not available 46,XX,del(6)(p25)[7]/46,XX[46] de novo

3 | M-13 mths | developmental delay 46,XY,del(18)(q23) de novo
developmental delay; external ear

4 F-2 duct stenosis; depressed nasal bridge; |46,XX,del(18)(q21.3)[18]/46,XX[33] de novo
stoned peripheral fitness
respiratory problems at birth;
cardiovascular problems; protrusion

3 F-9 of back of head and forehead bossing; 46,XY,del(4)(p15.31) de novo
unable to hold neck erect; autism

6 F-? further clinical data not available 46,XX,del(11)(q23.2) de novo

7 M-7 open mouth; mlcrognlathla; hlgh ar'ched 46.XY.del(22)(q11.2) de novo
palate; recurrent respiratory infections

p F35 developmental delay; epicanthic fold; 46,.XX.del(5)(p15.3)[8]/46 XX de novo
moon face

9 po  |developmental delay; asphyxy; 46,XX,del(5)(p15.2) not known
restlessness

Continue
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Table 1. Continued

low-set ears; epicanthal folds; 46,XY.del(5)(p15.2)
10 M-15 speech problems paternal/
. brother: 46,XY,del(5)(p15.2)
11 M-9 low-set ears; epicanthal folds; maternal
. . parental chromosome study not done
micrognathia
developmental delay; minor 46,XY,t(16;17)(q22;p13)
12 | M-17 mths dysmorphic features father: 46,XY,t(16;17)(q22;p13) paternal
13 F-14 mths |severe developmental delay; minor 45,XX,der(7)t(7;22)(q36.2;q11.1~11.21), 22 maternal
F-20 dysmorphic features mother: 46,XX,t(7;22)(q36.2;q11.1~11.21)
14 Fo47 de.pr.essmn; history of self injury and 46, XX 4(2:3)(q23:p25) not known
suicide
i apparent dysmorphic features; ) .
15 F-8 developmental delay; abnormal EEG 46,XX,t(1;4)(q21;p16),add(22)(p13) de novo
16 F-10 mths | developmental delay; no apparent 47,XX,1(11;22)(q23;q11.2),+der(22)t(11;22)(q23;q11.2) maternal
F-21 dysmorphic features mother: 46,XX,t(11;22)(q23;q11.2)
F-8 . L 46,XX,inv(6)(p23p21)

17 Fo learning disability mother: 46,XX,inv(6)(p23q21) maternal
18 M-11 epilepsy; right hemiplegia due to head |46,XY,inv(6)(q22.1¢25.1) aternal
M-35  |trauma at 4 years old; strabismus father: 46,XY,inv(6)(q22.1q25.1) p

M-3 . . . . 46,XY,inv dup(10)(p11.2q26.3)
19 F-27 bilateral talipes equinovaiuse mother: 46 XY,inv(10)(p11.2q26.3) maternal
developmental dela; prominent nose;
20 M-8 speech and behavior problems 46,XY,add(15)(pter) de novo
21 F-? further clinical data not available 46,XX,add(15)(p13) not known
frontal bossing; small jaw;
low-set ears; deepset eyes; strabismus;
drooping upper eyelid (left side);
22 | M-14 mths widely-spaced eyes: short nose; 46,XY,dup(7)(q21.2q32) de novo
long philtrum; downcurved upper lip;
camptodactyly; hypotonia
developmental delay; hypotonia in
hand and leg (power: 2/5); lack of
eye contact; dysmorphic features;
gastrointestinal reflex; cardiovascular
defects (oval fromen); small head
)
2 F- circumference; retarded growth; 46,XX.r(18)(q21.2qter) de novo
edema in one foot; third toe of right
foot longer than the others; low breast
line; fever of unknown origin;
spcial nose feature
Karyotype (numerical chromosomal anomalies)
1| Mg |developmental delay; minor 47,XY+mar[8]/46,XY[12] de novo
dysmorphic features
2 F-15 primary amenorrhea 47, XXX[22]/46,X+mar[8]/48,XXX,+mar[2]/45,X[2] de novo
3 F-8 further clinical data not available 47,XX,+mar de novo
4 FF__lj further clinical data not available 45,X(n=2) de novo
M-7 - .
5 M21 further clinical data not available 48, XXYY(n=2) de novo
6 M-19 further clinical data not available 47 XXY de novo
7 M-3 further clinical data not available 48, XXXX/49, XXXXY de novo
M-3 mths |some of the typical clinical symptoms
-+ =
8 M-20 days | of trisomy 18 ATXY+18(n=2) de novo

31



BJMG

CHROMOSOME STUDY IN MR PATIENTS

(n = 23). The chromosomal anomalies in these pa-
tients were mostly of de novo origin except in six
cases (patients #12, #13, #16, #17, #18 and #19).
In five cases parental chromosome study could not
be performed (patients #9, #10, #11, #14 and #21).
Marker chromosomes with an unknown origin found
in three de novo cases. Sex chromosome aneuploidy
was detected in six patients. Twelve cases had inver-
sion 9q which is believed to be a normal variant.

DISCUSSION

There is great variation in the frequency of the
reported chromosomal abnormalities found in MR
patients. A cytogenetic study of 419 MR school chil-
dren in southern Taiwan, by Shiue et al [2], found
chromosomal abnormalities in 22.43% of the cases,
with trisomy 21 occurring in 77 cases (18.38%). Sex
chromosome aneuploidies were found in three cases
(0.72%). Structural abnormalities of autosomes were
found in 13 cases (3.10%) (2). Another study of 341
MR children in Taiwan found chromosomal abnor-
malities in 89 cases (20.3%) including 63 of trisomy
21 (10.7%) and 13 of fragile X (3.8%) [4].

Coco and Penchaszadeh [5] reported on a cytoge-
netic study in 200 MR children in Argentina. They
found chromosomal abnormalities in 42 (21%) with
26 cases having structural chromosome defects [5].

Two studies were performed in The Netherlands.
One study done in Amsterdam (in the south of The
Netherlands) indicated that a chromosomal base in
22.1% of the patients was responsible for their MR.
Of these, 14.3% were Down’s syndrome patients,
and 6.1% had other chromosomal abnormalities [6].
Another study done in Amsterdam indicated that 20
patients had chromosomal anomalies (7.5%) in 266
karyotyped MR children. Interestingly, these were
mainly structural chromosome aberrations [7].

A study performed in Poland showed that the in-
cidence of abnormal karyotypes in MR patients was
10.1% [8]. However, the percentage of chromosome
aberrations found in patients with non specific mental
retardation was 2.2% [8]. A study done by Butler and
Singh [9] in America showed that 39 out 0of 201 (6.6%)
institutionalized MR patients had abnormal chromo-
some with Down’s syndrome noted in 31 of the patients.

While the overall frequency of chromosomal
abnormalities in these reports was similar, there are
reports of either low or high percentages of chro-
mosomal aberrations in other studies. For example,

32

Celep et al. [10] reported the percentages of chro-
mosomal abnormalities in 457 Turkish MR Patients
to be only 4.81%. Chromosomal abnormalities and
polymorphisms were detected in 65 (14.21%) (struc-
tural and numerical chromosomal abnormalities in 22
patients and polymorphisms in 43) of 457 MR and/
or multiple congenital anomaly (MCA) patients. On
the other hand, a study done in Slovakia revealed a
very high percentage of chromosome abnormalities
in MR patients. Of 324 MR patients, 104 (53.0%)
had chromosomal aberrations [11].

The differences between the incidences of chro-
mosomal abnormalities in the literature could be
caused by the criteria for patient selection, and the
techniques applied [cytogenetics only or in combina-
tion with molecular cytogenetics such as fluorescent
in situ hybridization (FISH) and comparative genom-
ic hybridization (CGH)]. In our study of 865 screened
subjects, chromosomal anomalies were identified
in 205 of the patients (23.6%). The majority were
Down’s syndrome cases (n = 138, 15.9%). Interest-
ingly, we found three cases with marker chromo-
somes (0.34%). Liehr and Weise [15] found that the
incidence of marker chromosomes is about 0.288%
in MR patients.

In general, van Karnebeek et al. [3] showed that
the mean yield of chromosome aberrations in clas-
sical cytogenetics is about 9.5% (variation: 5.4% in
school populations to 13.3% in institute populations;
4.1% in borderline-mild MR to 13.3% in moderate-
profound MR; more frequent structural anomalies
in females). They also indicated that for fragile X
anomalies, yields were 5.4% (cytogenetic studies)
and 2.0% (molecular studies) [3].

The incidence of fragile X positive cases in our
study is slightly higher than some other reports al-
though we only employed cytogenetic tests for fragile
X. For example, Butler and Singh [9] reported 2.0%
fragile X positive in his cases, while in our study
it was 3.8%. Nevertheless, our results indicate that
the diagnostic contribution of the fragile X screen-
ing could be considered equally important as con-
ventional chromosome banding techniques for the
detection of structural chromosome abnormalities.

Some of the chromosome aberrations were de-
tected in more than one case. For example: in two
cases, chromosome 2 was involved with a very close
breakpoint of q22 and 23 (Table 1; patients #1 and
#14); in two cases, chromosome 4 with breakpoints
pl6 and p15.3 (Table 1; patients #5 and #15); and in



BALKAN JOURNAL OF MEDICAL GENETICS

Nasiri F, Mahjoubi F, Manouchehry F, Razazian F, Mortezapour F, Rahnama M

another two cases, chromosome 6 with breakpoints
p25 and p23 (Table 1; patients #2 and #17). Even
more interesting, chromosome 11 in two cases and
chromosome 18 in another two cases had the same
breakpoints (Table 1; patients #6 and #16, and #4
and #23, respectively). This could be very interest-
ing because some of the genes responsible for MR
may be located in these breakpoints. For example,
the chromosomal breakpoints for the two MR pa-
tients (patients #1 and #14) were at 2q22 and 2q23,
respectively. Heterozygous mutations or deletions
of the ZEB2 gene, which is located near to 2q22,
is known to be responsible for Mowat-Wilson syn-
drome, with MR being one of the main features of
this syndrome (16). Furthermore, heterozygous muta-
tions/deletions of the DPAGT1 gene located at 11q 23
(the breakpoint for patients #6 and #16) may reduce
up to 88.0% of the mature mRNA and cause clinical
features including MR [17].

CONCLUSIONS

In conclusion, the results of this study illustrate
the contribution of chromosomal abnormalities to
the pathogenesis of MR in this group of mentally
retarded Iranian patients. Therefore, we recommend
cytogenetic analysis for every individual with idi-
opathic MR.

This can help the management of the MR patient
much better. In addition, by discovering the cause of
MR, e.g., deletion or duplication/trisomy of a chro-
mosomal segment resulting from a paternal/maternal
balanced translocation, prenatal diagnosis could be
applied for future pregnancies, thus preventing the
birth of another MR infant(s) through therapeutic
abortion, which is allowed in Iran. Furthermore, since
aroutine cytogenetic analysis gives a minimum reso-
lution of only 4-10 Mb, other advanced molecular
cytogenetic techniques would be helpful for the di-
agnosis of the MR patients with normal karyotype,
as mentioned by some researchers [12,18].
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