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Purpose: We evaluated the experiences of 19 lItalian laboratories concerning 241 small supernumerary marker
chromosomes (sSMCs) with the aim of answering questions arising from their origin from any chromosome, their
variable size and genetic content, and their impact on the carrier’s phenotype. Methods: Conventional protocols
were used to set up the cultures and chromosome preparations. Both commercial and homemade probes were
used for the fluorescent in situ hybridization analyses. Results: A total of 113 of the 241 sSMCs were detected
antenatally, and 128 were detected postnatally. There were 52 inherited and 172 de novo cases. Abnormal
phenotype was present in 137 cases (57%), 38 of which were antenatally diagnosed. A mosaic condition was
observed in 87 cases (36%). In terms of morphology, monocentric and dicentric bisatellited marker chromosomes
were the most common, followed by monocentric rings and short-arm isochromosomes. The chromosomes
generating the sSMCs were acrocentric in 132 cases (69%) and non-acrocentric chromosomes in 60 cases (31%);
a neocentromere was hypothesized in three cases involving chromosomes 6, 8, and 15. Conclusion: The
presented and published data still do not allow any definite conclusions to be drawn concerning karyotype—
phenotype correlations. Only concerted efforts to characterize molecularly the sSMCs associated or not with a
clinical phenotype can yield results suitable for addressing karyotype—phenotype correlations in support of genetic
counseling. Genet Med 2005:7(9):620-625.
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The widespread use of molecular cytogenetic techniques in
diagnostic laboratories has improved diagnostic quality, espe-
cially in prenatal cases. However, one of the few major prob-
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lems remaining is the identification of the nature and origin of
small supernumerary marker chromosomes (sSMCs).

sSMCs display a wide range of morphology and occur at
highly variable incidence,? thus giving rise to considerable
problems in genetic counseling, particularly during prenatal
testing. Only the combined use of conventional and molecular
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cytogenetics can define the origin and genetic content of
sSMCs. However, the rarity of some sSMCs and the lack of
comparative fluorescent in situ hybridization (FISH) charac-
terization of those sharing the same chromosomal origin still
hinder the genotype—phenotype correlations and appropriate
genetic counseling. We evaluate the experiences of 19 Italian
laboratories concerning 241 sSMCs with the aim of answering
questions such as the following: Is FISH feasible and informa-
tive in the short times required for prenatal diagnosis? Should
panels of genomic clones covering the pericentromeric regions
of all chromosomes be set up for this purpose? How far can
FISH take us? When is a uniparental disomy (UPD) test
needed? What recommendations should be given for genetic
counseling? And should they be generic or specifically designed
on the basis of the type of sSSMC?

MATERIALS AND METHODS

The analyses were performed in accordance with the Italian
guidelines,> which are consistent with the European
guidelines* (see Appendix 2). The analyzed tissues were pe-
ripheral and cord blood, amniotic fluid, and chorionic villi.
Conventional protocols were used to set up the cultures and
chromosome preparations. The applied banding techniques
were GTG, QFQ, CBG, DA-DAPI, and AgNOR. The karyo-
types were formulated following the International System for
Human Cytogenetic Nomenclature 1995 indications.> Both
commercial and homemade probes were used for the FISH
analyses. The commercial probes were specific a-satellite DNA
of centromeres and chromosome libraries. The FISH experi-
ments were performed according to the suppliers’ protocols.
Twelve previously published cases were characterized by
means of YACs, BACs, and PACs, using previously described
FISH protocols.c—!4

UPD tests for chromosomes 2, 7, 8, 13, 14, 15, and 22 were
used in only nine cases. The tests were performed by means of
the dinucleotide microsatellite segregation study of fetal and
parental DNAs.

RESULTS

Ascertainment

The 241 sSMCs described here are the fruit of 10 years of
activity in 19 Italian laboratories; 113 (43%) were antenatally
ascertained, and 128 were postnatal diagnoses (Fig. 1, first col-
umn). The indications in the prenatal diagnoses are listed in
Table 1.

Parental inheritance and mosaicism

Information about familial origin was achieved for 224 of
the 241 sSMCs, of which 172 (77%) were de novo, 35 (16%)
were maternally inherited, and 17 (7%) were paternally inher-
ited. In five cases (9.6%), the contributing parent showed a
mosaic karyotype for the marker chromosome, and the pro-
bands also carried the sSSMC in a mosaic status. Seventy-nine of
the de novo cases (46%) were prenatal ascertainments, and 93
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Fig. 1. Distribution of small supernumerary marker chromosomes (sSMCs) by their
time of ascertainment and their de novo or parental origin.

Table 1
Indications for prenatal and postnatal small supernumerary marker
chromosome carrier identification

Time of diagnosis Indication % of cases

Prenatal Maternal age 83.0
Abnormal ultrasound findings 5.5
Biochemical Wald test!® 4.5
Miscellaneous 7.0

Postnatal Abnormal phenotype 89.0
Male infertility 4.5
Repeated abortions 2.5
Miscellaneous 4.0

(54%) were identified in the postnatal period (Fig. 1, second
column). Thirty-four of the inherited sSMCs (65%) were de-
tected during prenatal diagnoses, and 18 (35%) were postnatal
ascertainments (Fig. 1, third and fourth columns). Mosaicism
was observed in 87 (36%) of the 241 sSMCs, with the abnormal
cell line ranging from 3% to 5% to 60% to 70%. Information
about familial occurrence was obtained for 82 (94%) of these
cases, 9 (11%) of which were found to be inherited. Informa-
tion about familial occurrence was obtained in 146 of the 154
nonmosaic sSSMCs, 43 (29%) of which were inherited.

Chromosomal origin

On the basis of banding techniques, 231 of 241 sSMCs could
be morphologically subgrouped as shown in Figure 2. FISH
analyses successfully identified 192 (80%) of the 241 sSMCs.
The sSMCs derived from chromosome 15 accounted for 59%
of the acrocentric sSSMCs derived and 40% of all of the FISH
characterized sSMCs.

The combined morphologic and FISH results allowed us to
establish that 54% of the 241 sSMCs derived from acrocentric
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Fig. 2. Distribution of small supernumerary marker chromosomes (sSMCs) by their
morphologic classification.

chromosomes, and the remaining 46% derived from nonacro-
centric chromosomes. The chromosomal origin 0of 29i(p), rep-
resenting 12% of all sSSMCs, was non-acrocentric in 25 cases (8
deriving from chromosome 12, 15 deriving from chromosome
18, 2 deriving from chromosome 20, 3 deriving from chromo-
some 15, and 1 deriving from chromosome 22'2), accounting
for a 10% frequency. The chromosomal origins of 33 rings
from non-acrocentric chromosomes were also identified, that
is, chromosomes X (n =4),2(n=4),3(n=4),8 (n =4),5
(n=3),16(n=3),1(n=2),7(n=2),6(n=1),12(n=1),
19 (n = 1), and 1/5/19 (n = 4). Three cases, classified as acen-
tric fragments, were negative after hybridization of a-satellite
probes for all centromeres, that is, the common or specific
a-satellite DNAs and positive with chromosome libraries of
chromosomes 6, 8, and 15. The chromosome 6-derived sSSMC
was antenatally detected, whereas the other two were postna-
tally detected. Multiple sSMCs were found in two prenatal di-
agnoses. In the first, two bisatellited and apparently monocen-
tric but morphologically different sSSMCs were present in all of
the analyzed amniotic fluid cells (one maternally derived and
the second de novo). The woman decided to interrupt the
pregnancy and refused any other investigation. In the second
case, amniotic fluid culture showed three cell lines: one with a
normal karyotype, the second with a psu dic(15)(q13), and a
third with a very small ring originating from chromosome 15:
ish r(15)(p11.2q11.2)(D15Z1+;D15S11—). The woman de-
cided to interrupt the pregnancy because of the adverse prog-
nosis.

Phenotype

Information concerning the patient’s phenotype was ob-
tained in 224 cases, and the relative results are summarized in
Table 2.

An abnormal phenotype was observed in 137 of the 224
cases (61%), 38 (17%) of which were antenatally investigated
and 99 (44%) of which were postnatally ascertained. Among
the postnatal cases the abnormal phenotypes [with the exclu-
sion of the classical syndromes associated with psu dic(15), psu
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Table 2
Normal versus abnormal phenotype associated with de novo or inherited
small supernumerary marker chromosomes prenatally or postnatally

diagnosed
Ascertainment

Total

Phenotype Prenatal (a) Postnatal (b) (a+Db)
inherited de novo Total (a) inherited de novo Total (b)

Abnormal 1“ 37 38 15 84 99 137
Normal 33 42 75 3 9 12 87
Total 34 79 113 18 93 111 224

948, XXY, +mar mat karyotype.

dic(22),1(18)(p), i(12p)] ranged from a generic psychomotor/
mild mental retardation with or without dysmorphisms ob-
served in the youngest probands to infertility ascertained by
reproductive failure in the eldest patients. The abnormal phe-
notypes of the prenatal cases were mainly malformations or
intrauterine growth retardation.

The abnormal phenotypes were associated with 37 (27%) of
the prenatal and 84 (61%) of the postnatal de novo sSMCs, and
15 (11%) of the postnatal and one (<1%) of the prenatal in-
herited sSMCs. Of the prenatal cases, the sSSMCs associated
with an abnormal phenotype were, in order of decreasing in-
cidence: psu dic(15) (q13), psu dic(22) (q11), and rings from
nonacrocentric autosomes. Table 2 also shows that 83% of the
postnatal cases with inherited sSMCs (15/18) were associated
with clinical manifestations, compared with only one (3%) of
the 34 cases detected antenatally. Conversely, 87 patients
(39%) had a normal phenotype, of which 75 (86%) were ante-
natally investigated and 12 (14%) were postnatally ascertained.
Moreover, the normal phenotypes were associated with 42 pre-
natal (48%) and 9 postnatal (10%) de novo sSSMCs and with 33
prenatal (38%) and 3 postnatal (3%) inherited sSSMCs. The
prevalent “de novo” sSMCs morphology among the 42 normal
fetuses was monocentric bisatellited. The karyotype—pheno-
type correlation in the 192 cases with FISH-characterized
sSMCs showed that the abnormal phenotypes ranged from a
generic psychomotor/mild mental retardation to classic syn-
dromes such as Prader-Willi (because of a concomitant mat
15UPD),? cat-eye, i(18) (p), and so forth. As can be deduced
from Figure 3A, the overall ratio of normal to abnormal phe-
notypes was 1:2 (66 vs. 126), with a 1:3.2 ratio (14 vs. 46) in the
case of sSMCs originating from non-acrocentric chromo-
somes. The ratio of acrocentric-derived sSMCs seems to be
more balanced (52 normal vs. 80 abnormal: a ratio of 1:1.5).
The phenotypical abnormalities in this last group were preva-
lently caused by psudic(15) (58/80) and psudic(22) (10/80).
Figures 3B and C, respectively, summarize the chromosomal
origin and associated phenotypes of the 60 nonacrocentric
(31%) and the 132 acrocentric-derived sSMCs (69%).

The UPD test was performed in nine cases with sSSMCs (ex-
cluding the published cases)®!'-* derived from chromosomes

Genetics IN Medicine
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Fig. 3. Distribution of normal/abnormal phenotypes by small supernumerary marker chromosomes (sSMCs) origin from nonacro and acrocentric chromosome groups (A). The
normal/abnormal phenotypes associated with each specific nonacrocentric and acrocentric chromosome are shown in (B) and (C).

2,7,8,13t021, 14to 22,15, and 22, but the results were always
negative.

DISCUSSION

sSMCs are a particular group of aberrant chromosomes that
originate as a result of numeric errors and/or structural rear-
rangements. On the basis of previous surveys, their frequency
in the general population can be estimated as ranging from
0.18 in 1000 to 1.5 in 1000."2

They are morphologically highly heterogeneous, and it is
known that they may derive from all chromosomes and that a
few show neocentromeres.'® It is generally held that, although
limited, conventional cytogenetic studies are necessary to plan
subsequent FISH analyses (e.g., the choice of probes and the
number of cells to analyze) and evaluate the results correctly.
FISH is and will remain an obligatory technique because it
makes it possible to determine the origin and genetic content
of sSSMCs, which is a premise for establishing the genotype—
phenotype correlations. This latter aspect plays an essential
role in prenatal diagnoses.

Some sSMCs, such as psu dic(15), psu dic(22),i(18) (p), and
so forth, have been described as being responsible for well-
defined clinical pictures, whereas 60% of all known sSMCs are
associated with clinical signs but do not cause any precise syn-

November/December 2005 - Vol. 7 - No. 9

dromic pictures.'”-!° The use of PACs/BACs and the evolution
of FISH techniques (reverse painting and CGH), CGH mi-
croarray, and so forth have made it possible to “size” sSMCs
and define their content very finely. However, the literature
contains few descriptions of sSMCs grouped by marker type
from which karyotype—phenotype correlations can be deduced
to allow correct genetic counseling. Starke et al.2° provided a
first step toward the identification of pericentromeric disease-
related genes by showing that only a few proximal trisomies
underlie clinical manifestations. The phenotypic variability as-
sociated with sSSMCs originating from the same chromosome
may reflect the degree of mosaicism,'”!° the UPD status of the
originating chromosome pair, the DNA sequence content (re-
peated vs. coding DNA), and the size in terms of the multiplic-
ities of genes and/or imprinted regions involved. As in the case
of contiguous gene syndromes, in which one or a few genes
may be responsible for disease,?'-23 the presence or absence of
a specific genomic fragment can determine a normal/mild/
severe phenotype, even if the sSSMCs comes from the same
chromosome.

The data described in this article are from 10 years of diag-
noses made in 19 Italian laboratories. As can be seen in Figure
1, the sample is equally divided between antenatal (43%) and
postnatal (57%) diagnoses. Liehr et al.>* reported 61% de novo
sSMCs when reviewing 174 cases from several studies, and
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Crolla et al.?> reported 70% in 109 cases. Our results support
the high prevalence of de novo sSMCs, 77%, of which 46%
were antenatally diagnosed and 54% postnatally. Moreover,
65% of the familial cases in our series were prenatally ascer-
tained (Fig. 1). The 2:1 ratio of maternally/paternally derived
sSMC:s is very similar to the 1,75:1 observed by Crolla et al.?

A mosaic karyotype was observed in 36% of our cases (87/
241), which is lower than the 54% (78/144) and 60% (81/137)
reported by Crolla et al.2>2¢ and the 60% (21/35) reported by
Starke et al.2° This difference can be attributed to the differ-
ences in sample sizes and the relative proportions of sSMCs
with a given chromosomal origin. As underlined by Crolla et
al.?% there are striking differences in the distribution of mosa-
icism when non-acrocentric and acrocentric-derived sSMCs
are compared. In our sample, sSSMC(15)s accounted for 40% of
all of the FISH characterized sSMCs.

Inline with their known morphologic heterogeneity (Fig. 2),
the major classes of our sSSMCs were pseudodicentric marker
chromosomes (36%), monocentric rings (22%), and mono-
centric bisatellited (21%) and nonsatellited iso(p) chromo-
somes (12%). On the basis of their morphologic appearance
(satellited vs. nonsatellited), 54% of the sSMCs originated
from acrocentric chromosomes. By FISH analyses we identi-
fied the chromosomal origin of 80% of the sSMCs and estab-
lished that 68% originated from acrocentric chromosomes
(Fig. 3B and C), a percentage that is similar to that observed by
Crolla et al.?> Among the sSMCs originated from acrocentric
chromosomes, the most predominant (59%) was the so-called
inv dup(15), thus confirming data available on the http://
mti-n.mti.uni-jena.de/huwww/MOL_ZYTO/ sSMC.htm web-
site including published and unpublished sSMCs cases. The
sSMC:s derived from nonacrocentric chromosomes were rings
(55%) and iso(p) (42%). Three of our cases were classified as
analphoid sSMCs, because they were negative after hybridiza-
tion with a-satellite probes for all centromeres: They were
found to originate from chromosomes 6, 8, and 15. In their
review, Liehr et al.>* reported that 45% of their analphoid
sSMCs derived from chromosomes 13, 3, 8, and 1, and 25%
from chromosome 15.

We identified only two cases with multiple sSSMCs, both of
which were antenatally diagnosed. In the first case, the sSSMCs
were present in different cell lines and, although both derived
from chromosome 15, they were morphologically different. In
the second case, the sSSMCs were morphologically different but
simultaneously present in a homogeneous karyotype. The fact
that multiple sSMCs can originate from different chromo-
somes induced Daniel and Malafiej'® to propose a stimulating
causative hypothesis based on the presence of a superfluous
pronucleus at fertilization, the incomplete digestion of which
leads to minichromosomes persisting in the cytoplasm and
then being absorbed in the nuclei of blastomeres. This hypoth-
esis may explain some findings in two to eight cell human
embryos,?” showing that chromatin desegregation and altered
mitotic spindle are not so rare in vitro.

Phenotype—karyotype correlations in the presence of a
sSMCs remain a major problem, especially in the case of pre-
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natal diagnoses. Our results indicate 61% of pathologic phe-
notypes: 44% detected postnatally and 17% detected antena-
tally (Table 2). When an abnormal phenotype was observed,
the associated sSMCs were de novo in 97% of the prenatal and
85% of the postnatal cases, but only 47% of the de novo sSMCs
diagnosed prenatally had an abnormal phenotype compared
with 90% of those postnatally diagnosed (Table 2). The inher-
ited sSMCs in our sample were diagnosed twice as frequently
prenatally than postnatally. This reflects the differences in the
indications for prenatal and postnatal analyses, and highlight
the fact that a marker chromosome can also be found in the
absence of a clinical indication. Our 34 prenatally diagnosed
familial sSMCs did not seem to be related to phenotypical
alterations, with the exception of a single case with a
48,XXY,+mar karyotype. The same conclusion was reached in
the previously reported studies, recently reviewed by Liehr et
al.2* On the contrary, 15 of 18 postnatally diagnosed inherited
sSMCs (83%) were associated with clinical manifestations,
mainly inherent to reproductive defects.

Only two previously published studies have provided indi-
cations concerning the pathologic phenotype and the risk ac-
cordingly associated with sSSMCs: Warburton? identified 10 of
68 cases with an abnormal phenotype (14.8%), and Crolla et
al.26 described 6 of 21 cases (28.6%). These two surveys are not
statistically comparable, but they provide the only available
data for genetic counseling. We found that 137 0f 224 (61%) of
our cases had anomalous phenotypes (Table 2): If only the
FISH-verified cases are considered (Fig. 3A), this percentage
increases to 66% (126/192), whereas, if the known syndromes
[associated with psudic(15), i(12p), i(18p), and i(22)] are ex-
cluded, it decreases to 33% (33/99), a figure that is close to that
of Crolla et al.> However, these percentages do not apply when
the data are analyzed on the basis of the individual type of
sSMC. For example, of the 28 cases with sSSMCs containing
centromere 22, 15 were normal and 13 (46%) were pathologic,
whereas only 3 of the 16 cases with sSSMCs containing centro-
mere 13 (19%) had an abnormal phenotype.

This calculation can be made in the case of the sSSMCs deriv-
ing from acrocentric chromosomes because they are frequent
in case samples, but the situation concerning rings is so frag-
mentary that it is impossible to obtain percentages specific for
each marker. On the basis of their previous experience (five
cases, all normal) and the published data (six cases) concerning
rings originating from the pericentromeric region of chromo-
some 3, Anderlid et al.!” concluded that r(3) has little or no
effect on the carriers’ phenotype. Two of our three r(3) cases
were phenotypically normal, and only one showed dysmor-
phisms and mild mental retardation (but the size of the sSSMCs
could not be investigated). All of these specific observations
allow more tailored genetic counseling than that based on a
generic risk of 14% (Warburton2), 28% (Crolla et al.26), or
31% (the present series). Given the size of the heterochromatic
centromeric region of chromosome 3, it is particularly impor-
tant to establish whether r(3) cases are only heterochromatic.
The combined efforts of independent groups will make it pos-
sible to define a morbidity map of sSMCs.

Genetics IN Medicine
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Only nine of the cases in our series were checked for the
presence of UPD, which was excluded on the basis of biparen-
tal heredity in all probands. Kotzot,?® in a review of the litera-
ture concerning UPD and sSMCs, concluded that the data
available until 2002 were too scarce to give random or nonran-
dom significance to the UPD findings and suggested that sys-
tematic studies be performed to provide more information on
this topic. Such a systematic approach was not applied on our
sSMC carriers, but in the future perspective we believe that
UPD search should be recommended at least in cases of sSSMC
originating from chromosomes carrying imprinted genes.

It is still not possible to correlate specific sSSMCs with de-
fined clinical pictures, mainly because of their highly hetero-
geneous nature, their origin from any chromosome, and their
variable size and genetic content, which is not always finely
identified. Only concerted efforts in defining phenotypes asso-
ciated with subgroups of sSMCs or chromosome-specific
sSMCs characterized by FISH analysis may lead to results suit-
able for establishing karyotype—phenotype correlations that
can be used in genetic counseling.
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