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Abstract: For medical genetic counseling, estimating the chance of a child being born with chromosome
abnormality is crucially important. Cytogenetic diagnostics of parents with a balanced karyotype
are a special case. Such chromosome rearrangements cannot be detected with comprehensive
chromosome screening. In the current paper, we consider chromosome diagnostics in two cases
of chromosome rearrangement in patients with balanced karyotype and provide the results of a
detailed analysis of complex chromosomal rearrangement (CCR) involving three chromosomes and a
small supernumerary marker chromosome (sSMC) in a patient with impaired reproductive function.
The application of fluorescent in situ hybridization, microdissection, and multicolor banding allows
for describing analyzed karyotypes in detail. In the case of a CCR, such as the one described here,
the probability of gamete formation with a karyotype, showing a balance of chromosome regions,
is extremely low. Recommendation for the family in genetic counseling should take into account the
obtained result. In the case of an sSMC, it is critically important to identify the original chromosome
from which the sSMC has been derived, even if the euchromatin material is absent. Finally, we present
our view on the optimal strategy of identifying and describing sSMCs, namely the production of a
microdissectional DNA probe from the sSMC combined with a consequent reverse painting.

Keywords: in vitro fertilization (IVF); microdissection; reciprocal translocation; small supernumerary
marker chromosomes (sSMC) in humans

1. Introduction

Medical genetic counseling’s key goal is to determine the probability of a child’s birth with
an unbalanced karyotype in families carrying reciprocal translocations or small supernumerary
marker chromosomes (sSMCs). Autosomal reciprocal translocations (ARTs) are complex chromosomal
rearrangements involving two or more chromosomes. ARTs are rather frequent and lead to a
chromosomal imbalance in the next generation [1]. The de novo formation or inheritance of sSMCs
could also lead to genetic stability impairment [2]. sSMCs are relatively rare in the general population,
found in 0.043% of newborn infants [3]. It is critical to detect impaired genetic stability and the risk of
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its manifestation in children carrying ARTs and sSMCs, due to the high pathogenic capacity of these
mutations. Timely ART and sSMC detection might prevent a birth with an imbalance of crucial genetic
regions. Parent ART or sSMC diagnosis allows them to prepare for a specific molecular cytogenetic
karyotyping at the preimplantation stage and during prenatal diagnostic testing.

Currently, deletions and translocations of certain chromosomal regions are detected using
commercially available DNA probes and Fluorescent In Situ Hybridization (FISH). Comparative genome
hybridization on microarrays and mass parallel patient genome sequencing identifies imbalanced
genomic regions with high precision. In some cases, karyomapping helps to distinctly analyze
the parents’ chromosomes and define which of the parents’ chromosomes the certain chromosomal
region comes from [4]. Despite significant molecular cytogenetics progress, differential staining
of human metaphase chromosomes remains the most widespread and critical method of primary
cytogenetic analysis. In general, any cytogenetic testing begins from the analysis of differentially
stained chromosomes because the technique is simple, reliable, flexible, and cost-effective, not requiring
the usage of expensive equipment and reagents. At the same time, it enables us to identify balanced
chromosomal translocations and inversions, the detection of which is problematic or sometimes
impossible (in cases of a preserved balance in euchromatin chromosomal regions) by many cytogenomic
diagnostic methods.

A special case of chromosomal pathology is complex chromosomal rearrangement (CCR) resulting
from breaks and reassociations of more than two chromosomal regions, when the possibility of the
formation of gametes, with balanced euchromatin chromosome regions, is dramatically diminished;
however, several studies have shown that the birth of healthy progeny is still possible [5]. At the same
time, such extreme scenarios are most likely associated with abnormal meiosis [6]. Unfortunately,
detailed cytogenetic diagnostics in the case of a CCR could be very problematic. Balanced CCRs could
be formed either via a three-step reciprocal exchange between three chromosomes or as a result of
complex translocations involving four or five chromosomes, inversions, and insertions. A vast majority
of CCRs are combinations of translocations [7]. In some cases, they could lead to the formation of
complex variants of rearranged chromosomes. In the current work, we provide an example of such a
situation and discuss the cytogenetic testing strategy in the case of a CCR.

Another complicated case for diagnostics is sSMC [8]. In the de novo acquiring of sSMC,
investigators must answer two goals: determining the origin of sSMCs and an enclosed euchromatin
region’s borders. If sSMC possesses a euchromatin region that is detectable by comparative genomic
hybridization, it could be simple. In case of its absence, the detection of de novo emerged sSMC requires
using other techniques, such as FISH with DNA probes specific for pericentromeric heterochromatin
chromosomal regions or the design of an sSMC-bearing microdissectional DNA probe with the
following reverse painting on metaphase chromosomes of a patient and a healthy donor [9,10]. Notably,
the elucidation of the origin of a de novo sSMC is necessary because, in 10% of cases, it is associated with
uni-parental disomy (UPD) for chromosomes bearing the sSMC [11]. Notably, the prenatal cytogenetic
diagnostics in identifying an sSMC in a fetus should be performed in a very narrow time window.

In the current study, we describe examples of complicated CCR and sSMC. We also discuss its
diagnostics strategy and demonstrate the importance of molecular cytogenetic testing in couples with
reproductive issues.

2. Materials and Methods

Case #1. Peripheral blood of a woman, 26 years of age. Descriptions of clinical findings: after a medical
genetic diagnostic testing, no cognitive or physical abnormalities were found. She was phenotypically
normal besides three underdeveloped pregnancies in anamnesis. Diagnosis—secondary infertility.

Case #2. A couple with reproductive issues: a woman, 30 years of age and a man, 35 years of age,
diagnosed with primary infertility. Descriptions of clinical findings: both the male and female were
otherwise phenotypically normal and there was no family history of infertility, congenital abnormalities,
or mental retardation.
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For both cases, sample collection was performed at the Institute of Chemical Biology and
Fundamental Medicine SB RAS/the Center of new medical technologies, Novosibirsk, Russia.

2.1. Ethics

The studies were supervised by the Ethics Committee on Animal and Human Research of the
Institute of Chemical Biology and Fundamental Medicine, Siberian Branch of the Russian Academy
of Sciences, Russia (protocol #03 of 21 September 2019). Patients were enrolled in the study in strict
accordance with international standards, including informed consent, acceptance of participation in the
study, and confidentiality. All studies follow the ethical standards based on the Helsinki declaration of
the International medical association with the year 2000 amendments. Patients involved in the study
signed informed consent forms for using their respective biospecimens for scientific purposes.

2.2. Experimental Design

The analysis of chromosomal abnormalities consisted of several steps: (1) GTG-banding (G-bands
after trypsin and Giemsa); (2) production of DNA probes via microdissection and consequent
amplification of dissected material by degenerate oligonucleotide-primed polymerase chain reaction
(DOP-PCR); (3) FISH of microdissection DNA probes on patients’ metaphase chromosomes. If a DNA
probe is derived from an abnormal chromosome, the FISH is performed on metaphase chromosomes
of both the patient and a healthy volunteer. FISH with a loci-specific DNA probe was used to identify
regions in rearranged chromosomes (Figure S1).

2.3. Metaphase Chromosome Sample and Slide Preparation

Lymphocytes from peripheral blood were cultivated according to the standard techniques [12].
Slides with metaphase and prometaphase chromosomes for FISH were prepared as previously
described [13].

GTG differential staining of metaphase chromosomes was performed according to the standard
protocol. Differentially stained chromosomes were analyzed using light microscope OLYMPUS CX41
(Tokyo, Japan). A CCD camera and VideoTesT-Karyo 3.1 software (Ista-Video Test, Saint-Petersburg,
Russia) were used for the image acquisition.

2.4. FISH DNA Probes Preparation

Microdissectional whole chromosome painting DNA probes for chromosomes 3, 5, 14, 15,
and 16; partial chromosome painting DNA probes for the short and the long arms of chromosome 16
and certain segments of chromosomes 3 and 14 were amplified from 5–10 copies of respective
chromosomes or chromosomal regions, as described previously [14,15]. DNA probes derived
from rearranged chromosomes or sSMC were amplified from one copy using the same protocol.
The labeling of DNA derived from microdissectional DNA libraries was performed with 17 additional
cycles of degenerate-oligonucleotide-primed polymerase chain reaction (DOP-PCR) with AlexaFluor
488-5-dUTP (MolecularProbes, Eugene, OH, USA) or TAMRA-5-dUTP (5-Tetramethylrhodamine-dUTP,
MolecularProbes, Eugene, OH, USA) [16]. Three-color FISH microdissectional DNA libraries were
labeled with Alexa-488 dUTP, 5-TAMRA-dUTP, and Cy5-dUTP in 17 additional DOP-PCR cycles.
The quality of all DNA probes prepared with chromosome microdissection was tested by Chromosomal
in Situ Suppression (CISS) hybridization on metaphase chromosomes of a donor with normal karyotype.

FISH of microdissectional DNA probes on metaphase chromosomes of a healthy donor or
patient was performed according to a standard protocol of CISS hybridization with suppression of
hybridization of repetitive sequences [17]. The general staining of chromosomes was performed using
4’,6-Diamidino-2-phenylindole dihydrochloride (DAPI) (Sigma, Darmstadt, Germany). Chromosomes
and chromosomal regions were identified by analyzing inverted DAPI banding. Karyotypes are
reflected according to the international cytogenetic nomenclature [18].
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Alu-DNA probe was produced as described [19]. FISH of the Alu-DNA probe was performed
without suppression of repetitive sequences hybridization. The technique allowed us to stain
euchromatin chromosomal regions, but no heterochromatin regions. FISH with this DNA probe
detected a small region with Alu repeats in the satellites of human acrocentric chromosomes [19].

The DNA probe used for visualization of 18S ribosomal DNA (rDNA probe) was a 3.2 kb fragment
of human 18S rDNA in pHr13 [20,21]. It was labeled with TAMRA 5-dUTP by nick translation.
To detect telomeric clusters, the (TTAGGG)n probe labeled with TAMRA 5-dUTP was used [22].

After performing FISH, chromosomes were stained with DAPI. Microscopic analysis after FISH
was performed on AxioPlan 2 Imaging microscope (Zeiss, Jena, Germany) with the filters kit #49
(Zeiss, Germany), SP101 FITC (CHROMA, Wixom, MI, USA), and SP103v1 Cy3tmv1 (CHROMA,
Wixom, MI, USA), CCD camera (CV M300, JAI Corporation, Miyazaki, Japan). For signal registration,
ISIS5 software (METASystems GmbH, Altlussheim, Germany) was used. All microscopy experiments
were performed at the Core Facility for microscopic analysis of biological objects at the Institute of
Cytology and Genetics SB RAS, Russia.

3. Results

A primary cytogenetic analysis was performed on the 72-h lymphocyte culture derived from
the patient’s peripheral blood. GTG differential staining of metaphase chromosomes revealed a
balanced translocation involving chromosomes 3, 5, and 16. Patient’s karyotype was described as
46,XX,t(3;16;5)(q25;q21;p15.1) (Figure 1).
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Figure 1. GTG (G-bands after trypsin and Giemsa) differentially stained chromosomes of a patient with
a complex chromosomal rearrangement (CCR). der(3)t(3;16;5), der(5)t(3;16;5), der(16)t(3;16;5) reflect
derivatives of chromosomes 3, 5, and 16 involved in the CCR.
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For reassuring the correctness of conclusions made during the analysis of GTG differentially
stained chromosomes, we performed additional cytogenetic testing with WCP3, WCP5, and WCP16,
which stain the respective chromosomes. Whole chromosome painting probes (WCPs) were obtained by
microdissection of metaphase chromosomes with the following DOP-PCR of the isolated chromosomal
material. The quality of produced DNA probes was checked by CISS hybridization on metaphase
chromosomes of a healthy donor (Figure 2). Obtained microdissected WCPs intensively painted
original chromosomes showing their suitability for the analysis of rearranged chromosomes. A specific
signal was detected on the chromosomes homologous to the prepared DNA probes; therefore,
microdissectional DNA probes could be used for the analysis of chromosomal abnormalities.
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Figure 2. Two-color chromosomal in situ suppression (CISS) hybridization with WCP3 (green)/WCP5
(red) (a) and WCP16 (red) (b) on metaphase chromosomes of a healthy donor. Whole chromosome
painting probes (WCPs) intensely painted original chromosomes. The general staining of chromosomes
with 4’,6-Diamidino-2-phenylindole dihydrochloride (DAPI) in blue. Chromosomes are marked as
human chromosome 3 (HSA3), human chromosome 5 (HSA5), and human chromosome 16 (HSA16).

Two-color FISH with WCP3 and WCP5 on the patient’s metaphase chromosomes specifically
labeled chromosomes 3 and 5, as well as regions of these chromosomes into rearranged chromosomes.
According to the patient’s karyotype description based on the analysis of GTG differential staining,
WCP3 stained a portion of der(3) chromosome and a distal region of the long arm of der(16) chromosome
in addition to an intact chromosome 3 (Figure 3a). WCP5 stained an intact chromosome 5, 5p15.1→qter
portion of der(5) chromosome and a distal region of the long arm of der(3) chromosome (Figure 3a).
WCP16 labeled an intact chromosome 16, the short arm and a small proximal region of the long arm of
der(16) chromosome, as well as a distal region of the short arm of the der(5) chromosome (Figure 3b).
Besides the staining pattern, which is expected after an analysis of GTG differential chromosomal
staining, WCP3 labeled a small region of chromosome 3 at the short arm of the der(5) chromosome
(Figure 3a). A portion of the HSA3 chromosome on the der(5) chromosome does not match the patients’
karyotype description based on the analysis of GTG differentially stained chromosomes. The results of
the WCP3 painting suggest that, during the reorganization of the HSA3 chromosome, it was cleaved at
least in two distinct regions, breaking it into three parts. The identification of the chromosome 3 region,
re-located to chromosome der(5), and the confirmation of the contents of the translocated chromosomal
regions of chromosomes, required additional experiments.
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We amplified microdissectional DNA probes from the short arm and C-negative part of the
long arm of chromosome 16 to confirm the translocation of 16q21→qter region to chromosome 5.
The specificity of DNA probes was tested on metaphase chromosomes of a healthy donor. Partial
chromosome paints: PCP16p and PCP16q probes labeled C-negative regions of the respective arms of
chromosome 16 (Figure 4a,b).
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chromosomes of a healthy donor. DAPI staining is in blue. Both 16p and 16q indicate the short and the
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The intensity at the proximal portions of stained regions was slightly diminished. Perhaps
the number of assembled copies of proximal edge regions was decreased due to the ambiguity of
identifying C-negative and C-positive region borders and excluding constitutive heterochromatin
away from the dissection sample.

PCP16p and PCP16q stained the patient’s chromosomes according to GTG differential staining
results and the respective suggested patient’s karyotype. PCP16p labeled the short arms of chromosomes
16 and der(16) (Figure 5a). PCP16q stained the long arm of chromosome 16, a small proximal region of the
long arm of chromosome der(16) and a distal portion of the short arm of chromosome der(5) (Figure 5b).
This staining pattern resembles the initial karyotype description (Figure 1). The low intensity of the
16q12.1→q21 region staining in chromosome der(16) could be explained by both decreased intensity
of a proximal C-negative part of 16q and spreading of preserved DNA of 16q12.1→q21 region in
chromosome der(16) into neighboring chromosomal bands.
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Figure 5. CISS hybridization with PCP16p (a) and WCP5 (green)/PCP16q(red) (b) on the patient’s
metaphase chromosomes. (a) PCP16p DNA probe that is homologous to the short arm of chromosome
16 (red). Chromosomal regions where the specific signal was detected are indicated: 16p—short arms of
chromosomes 16 and chromosome 16 derivative. (b) Chromosomal regions where the specific signal was
detected are indicated: HSA5, HSA16—intact chromosomes 5, 16. der(3), der(5), der(16)—chromosomes
3, 5, and 16 respective derivatives. Chromatin DAPI staining is in blue.

Three-color FISH with WCP3, WCP5, and WCP16 probes demonstrated that the chromosome
3 segment, supposedly 3q?25→26, is located between regions derived from chromosomes 5 and 16
(Figure 6b). CISS hybridization results with WCP3/WCP5/WCP16 probes on the patient’s chromosomes
resemble GTG chromosomal labeling results, excluding the insertion of chromosome HSA3 material
into chromosome der(5) to be localized between a sub-band 5p15.1 and a band 16q21. To determine the
localization of this insertion, we amplified a microdissectional DNA probe from chromosome der(5).
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DNA probes confirmed the presence of 3q25 band in chromosome der(5). Probe 1 was produced from 
3q25→q26 ((PCP3q25→q26), and probe 2 from 3q26→qter (PCP3q25→qter). Both probes label the 
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Figure 6. Two-color WCP3(green)/PCP16q(red) (a) and three-color WCP3(yellow)/WCP5(green)/
WCP16(red) (b) CISS-hybridization on the patient’s metaphase chromosomes. (a) Ô—arrow indicates
WCP3 (green) signal at the short arm of chromosome 5 derivative. Ý—arrow indicates the
absence of a signal at the long arm of chromosome 3 derivative. Three-color CISS hybridization
WCP3(green)/WCP5(green)/WCP16(red) (b) on metaphase chromosomes of the patient. Chromosomes
and chromosomal regions with specific signals are indicated. (b) Ý—arrow indicates breaking points
in 3q25; 16q21; 5p15.1 loci. Further, 3q?25→26 is a chromosome 3 segment detected by fluorescent in
situ hybridization (FISH) in the short arm of chromosome 5 derivative. CISS hybridization revealed a
region from chromosome 3 in der(5). Chromatin DAPI staining is in blue.

CISS-hybridization with PCPder(5) labeled 5p15.1→qter, 16q21→qter and 3q25 (Figure 7a).
CISS-hybridization PCPder(3) stained 3pter→3q25 and 5p15.1→5pter (Figure 7b).Genes 2020, 11, x FOR PEER REVIEW 9 of 19 
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Figure 7. CISS-hybridization of microdissection DNA probes prepared from single abnormal
chromosomes: PCPder(5) (a) and PCPder(3) (b) DNA probes on metaphase chromosomes of a
healthy donor. Chromosomes 3, 5, and 16 with a specific red signal are indicated. Chromatin DAPI
staining is in blue.
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Based on our results, we cannot conclude the presence or the absence of 3q25 region duplication
in the patient’s genome. For the completion of the analysis, we made a DNA probe from the der(5)
chromosome (PCPder(5)). In the case of a duplication of the material of the 3q25 band, one would
expect that CISS hybridization with this DNA probe would label a region in chromosome der(3)
besides chromosome der(5), 16q21→qter region in the intact chromosome 16 and 3q25 band in the
intact chromosome 3; however, PCPder(5) stained only the regions mentioned above (Figure 7a).

The combined in situ hybridization results with two different region-specific microdissectional
DNA probes confirmed the presence of 3q25 band in chromosome der(5). Probe 1 was produced from
3q25→q26 ((PCP3q25→q26), and probe 2 from 3q26→qter (PCP3q25→qter). Both probes label the
respective chromosome 3 regions (Figure 8).
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Figure 8. CISS hybridization with PCP3q25→q26 (probe1) and PCP3q25→qter (probe 2) on
chromosomes of a healthy individual (a) and the patient (b). Chromosomes with signals are
indicated: HSA3—intact chromosome 3, der(3), der(5), and der(16)—derivatives of chromosomes 3, 5,
and 16, respectively.

After CISS hybridization on the patient’s chromosomes PCP3q25→q26 and PCP3q25→qter,
besides the standard pattern of painting on intact chromosome 3, we identified labeled regions
on the rearranged chromosomes der(3), der(5), and der(16) (Figure 8). The painting pattern for
der(16) chromosome region was like the pattern of 3q25→qter; however, a region labeled with
PCP3q25→ q26 on der(16) chromosome was of a smaller size. PCP3q25→ q26 also stained small
portions of der(3) and der(5) chromosomes. Results of FISH with DNA probe EVI1 Breakapart Probe
(https://www.cytocell.com/probes/27-evi1-mecom-breakapart) (fig EVI1), which labels 3q26.2 (Figure 9)
also match the conclusion that the insertion of chromosome 3 material into der(5) chromosome
resembles band 3q25. A specific signal was detected only in 3q26.2 of an intact chromosome 3 and a
distal region of chromosome der(16). All this suggests that the patient’s karyotype has undergone two
consequent translocations.

https://www.cytocell.com/probes/27-evi1-mecom-breakapart
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confirmed the presence of the reciprocal translocation involving three chromosomes (3, 5, and 16) 
and enabled us to detect the insertion of a small additional portion of chromosome 3 at the short arm 
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The molecular cytogenetic analysis enabled us to clarify the organization of der(5) chromosome 
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Small Supernumerary Marker Chromosome (sSMC) 

Karyotyping of a couple with reproduction issues by analyzing GTG-differentially stained 
chromosomes can detect an sSMC in all 15 karyotyped cells of a man. Any other structural or numeral 
abnormalities were not detected. The patient’s karyotype (Figure 10) was described as 47,XY,+mar. 
In one of the arms of the sSMC, a secondary construct and a satellite could be seen. Ag-NOR 
differential staining has detected an active nucleolus organizing region (NOR) (Figure 10b), 
suggesting that sSMC is derived from one of the acrocentric chromosomes. 

Figure 9. The analysis of 3q26.2 chromosomal segment. (a) FISH EVI1 Breakapart Probe on the patient’s
chromosomes. (b) Scheme of EVI1 Breakapart Probe homology. The EVI1 3q26.2 product consists of a
158 kb probe, labeled in red, telomeric to the D3S4415 marker and including the LRRC34 gene, a green
probe covering a 181 kb region, including the entire EVI1 gene and flanking regions and a blue probe,
which covers the 563 kb region centromeric to the EVI1 gene, including the D3S3364 marker. Signal
was detected at chromosomes 3 and der(16). Chromatin DAPI staining is in blue.

The obtained results confirm the notion that the patient’s karyotype forms after two consequent
translocations. The was, probably, the reciprocal translocation t(3;5)(q25;p15.1), and then the exchange
between 3q25→3qter and 16q21→16qter regions; however, a breakpoint in the 3q25 band appeared
to be localized more distally to the breakpoint for the first translocation. As a result of this shift,
a small region of chromosome 3 was preserved between the material of chromosomes 5 and 16;
therefore, despite a complex chromosome reorganization, a balanced genotype is preserved. Using the
comparative genomic hybridization (CGH) microarray or even full genome sequencing, one could
miss the abnormalities described in the above section. Simultaneously, the FISH analysis confirmed
the presence of the reciprocal translocation involving three chromosomes (3, 5, and 16) and enabled us
to detect the insertion of a small additional portion of chromosome 3 at the short arm of chromosome
5 derivative.

The molecular cytogenetic analysis enabled us to clarify the organization of der(5) chromosome
and to describe the patient’s karyotype 46,XX,der(3)(3pter→3q25::5p15.1→5pter),der(5)(16qter→
16q21::3q25::5p15.1→5qter),der(16)(16pter→16q21::3q25→3qter).

Small Supernumerary Marker Chromosome (sSMC)

Karyotyping of a couple with reproduction issues by analyzing GTG-differentially stained
chromosomes can detect an sSMC in all 15 karyotyped cells of a man. Any other structural or numeral
abnormalities were not detected. The patient’s karyotype (Figure 10) was described as 47,XY,+mar.
In one of the arms of the sSMC, a secondary construct and a satellite could be seen. Ag-NOR differential
staining has detected an active nucleolus organizing region (NOR) (Figure 10b), suggesting that sSMC
is derived from one of the acrocentric chromosomes.
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Figure 10. The karyotype of the patient. (a) GTG-differentially stained chromosomes of the patient with
small supernumerary marker chromosome (sSMC) in the karyotype. (b) Metaphase plate of a patient
with AgNOR-staining (case 2). →—arrow indicates nucleolus organizer region (NOR) detected on
acrocentric chromosomes and sSMC on the patient’s sSMC by AgNOR-staining. mar—indicates sSMC.

Interestingly, most of the sSMCs derived from acrocentric chromosomes are inverted duplications
of the short and a part of the initial chromosome’s long arm. The lack of nucleolus organizer region on
the second arm suggests that sSMC was formed after deleting a big part of an acrocentric chromosome’s
long arm. Alternatively, it is the result of translocation. Previously, sSMCs, which include a proximal
region of the initial chromosomes and other regions, have been described [23–27]. In some cases,
Ag-NOR staining detects regions other than the nucleolus organizer region. FISH with labeled human
rDNA (rDNA probe) or labeled human DNA of a telomere repeat (TTAGGG)n. Tel-DNA probe
(Figure 11a,b) was performed to confirm the presence and the stability of nucleolus organizer region
within sSMC.Genes 2020, 11, x FOR PEER REVIEW 12 of 19 
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Clusters of ribosomal DNA were detected on the short arms of five pairs of acrocentric
chromosomes (HSA13, HSA14, HSA15, HSA21 and HSA22), and one of the arms of the sSMC
(Figure 11b). FISH with Tel-DNA probe demonstrated the presence of clusters of telomeric repeats at
the ends of all chromosomes (Figure 11a).

Because around 80% of the sSMCs derived from acrocentric chromosomes initiate from
chromosome 15 (Liehr, 2013), we tested our hypothesis of sSMC origin from HSA15 by CISS
hybridization with WCP15. The suppression of hybridization of repeated sequences was designed in a
way that WCP15 completely stains HSA15—its euchromatin and heterochromatin regions (Figure 12).
We detected a weak signal at the short arms of other acrocentric chromosomes and a signal of a similar
intensity at one of the arms of the sSMC. This signal is due to rDNA clusters and other homologous
repetitive sequences at the short arms of acrocentric chromosomes and the sSMC. This result allowed
us to conclude that sSMC formation is not associated with chromosome 15.
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Figure 12. CISS hybridization with WCP15 DNA probe on the patient’s metaphase chromosomes.
(a) WCP15 DNA probe-stained chromosome 15 (red). A weak signal in nucleolar organizer regions
(NORs) of acrocentric chromosomes. (b) Inverted DAPI banding. No. 15—indicates the homologs of
chromosome 15. mar—indicates sSMC.

Based on the above information, we produced a DNA probe from one copy of the sSMC to
determine its origin. CISS hybridization with this DNA probe labeled sSMC, and the short arms
and pericentromeric regions of chromosomes 14 and 22 (Figure 9a). Pericentromeric regions of these
chromosomes include a significant number of homologous sequences. Finding conditions suitable for
the suppression of hybridization of homologous sequences during CISS hybridization enabled us to
decrease unspecific signal intensity at the pericentromeric region of chromosome 22, preserving the
specific signal intensity at chromosome 14 (Figure 13a,b).

For the confirmation of the sSMC origin from chromosome 14, we produced several region-specific
microdissectional DNA probes from chromosome 14 (14pter→p11 (PCP 14a), 14p11→q22 (PCP14b),
14q22→qter (PCP14c). Such a combination, consisting of three PCP with a respective signal level,
accounts for the multicolor banding (MCB) of chromosome 14 (Figure 14). MCB allows for determining
the order and the orientation of chromosomal regions. Notably, the size of regions detected by MCB
is always slightly bigger than regions detected via reverse hybridization of chromosome-specific
microdissectional DNA probes. To acquire the MCB, we used different classifications of pseudocolors.
All of them labeled sSMC and a pericentromeric region of chromosome 14 in a similar fashion,
suggesting the originating of the sSMC from chromosome 14 and its pericentromeric region.



Genes 2020, 11, 1511 13 of 19

Genes 2020, 11, x FOR PEER REVIEW 13 of 19 

 

pericentromeric regions of chromosomes 14 and 22 (Figure 9a). Pericentromeric regions of these 
chromosomes include a significant number of homologous sequences. Finding conditions suitable 
for the suppression of hybridization of homologous sequences during CISS hybridization enabled us 
to decrease unspecific signal intensity at the pericentromeric region of chromosome 22, preserving 
the specific signal intensity at chromosome 14 (Figure 13a,b). 

  
(a) (b) 

Figure 13. FISH of DNA probe, obtained by microdissection from one copy of a marker chromosome 
on metaphase chromosomes of the patient (a) and a healthy individual (b). mar and arrows indicate 
sSMC. 

For the confirmation of the sSMC origin from chromosome 14, we produced several region-
specific microdissectional DNA probes from chromosome 14 (14pter→p11 (PCP 14a), 14p11→q22 
(PCP14b), 14q22→qter (PCP14c). Such a combination, consisting of three PCP with a respective signal 
level, accounts for the multicolor banding (MCB) of chromosome 14 (Figure 14). MCB allows for 
determining the order and the orientation of chromosomal regions. Notably, the size of regions 
detected by MCB is always slightly bigger than regions detected via reverse hybridization of 
chromosome-specific microdissectional DNA probes. To acquire the MCB, we used different 
classifications of pseudocolors. All of them labeled sSMC and a pericentromeric region of 
chromosome 14 in a similar fashion, suggesting the originating of the sSMC from chromosome 14 
and its pericentromeric region.  

Figure 13. FISH of DNA probe, obtained by microdissection from one copy of a marker chromosome on
metaphase chromosomes of the patient (a) and a healthy individual (b). mar and arrows indicate sSMC.Genes 2020, 11, x FOR PEER REVIEW 14 of 19 

 

   
(a) (b) (c) 

Figure 14. Three-color FISH with region-specific DNA-probes (PCP14a (green), PCP14b (red), PCP14c 
(bright blue) on the patient’s metaphase chromosomes. (a) Chromatin DAPI staining in blue. Inverted 
DAPI banding. (b) Patient’s chromosome 14 and (c) MCB of sSMCs are marked. 

Obtained results enable to describe sSMC as del(14)(p13q11). A crucial aspect is to identify the 
localization of a breakpoint in 14q11.1 and 14q11.2. If the breakpoint is in 14q11.1, then the sSMC 
does not contain euchromatin material of the long arm of chromosome HSA14. In the case of a 
breakpoint inside 14q11.2, the genes of a sub-band 14q11.2 could potentially localize in the sSMC 
leading to the increase in their respective copy numbers. Sub-band 14q11.2 is G-negative suggesting 
its enrichment with Alu-repeats. We have performed a hybridization with a labeled Alu-DNA probe 
on the patient’s metaphase chromosomes to check for the presence of the 14q11.2 sub-band inside the 
sSMC. The intensity of the signal from the Alu-DNA probe in the sSMC was considerably lower than 
the intensity of a signal in G-negative regions of chromosomes and did not exceed the signal intensity 
in the satellites of acrocentric chromosomes containing a small number of Alu repeats (Figure 15). 

  

(a) (b) 

Figure 15. FISH (a) Alu-DNA probe on the patient’s metaphase chromosomes (red). On the right—
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Figure 14. Three-color FISH with region-specific DNA-probes (PCP14a (green), PCP14b (red), PCP14c
(bright blue) on the patient’s metaphase chromosomes. (a) Chromatin DAPI staining in blue. Inverted
DAPI banding. (b) Patient’s chromosome 14 and (c) MCB of sSMCs are marked.

Obtained results enable to describe sSMC as del(14)(p13q11). A crucial aspect is to identify the
localization of a breakpoint in 14q11.1 and 14q11.2. If the breakpoint is in 14q11.1, then the sSMC
does not contain euchromatin material of the long arm of chromosome HSA14. In the case of a
breakpoint inside 14q11.2, the genes of a sub-band 14q11.2 could potentially localize in the sSMC
leading to the increase in their respective copy numbers. Sub-band 14q11.2 is G-negative suggesting
its enrichment with Alu-repeats. We have performed a hybridization with a labeled Alu-DNA probe
on the patient’s metaphase chromosomes to check for the presence of the 14q11.2 sub-band inside the
sSMC. The intensity of the signal from the Alu-DNA probe in the sSMC was considerably lower than
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the intensity of a signal in G-negative regions of chromosomes and did not exceed the signal intensity
in the satellites of acrocentric chromosomes containing a small number of Alu repeats (Figure 15).
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Our complex molecular cytogenetic analysis of the origin and the contents of the patient’s marker
chromosome shows that it is derived from chromosome 14: del(14)(p13q11.1) and does not contain
transcriptionally active chromatin.

4. Discussion

4.1. Complex Chromosomal Rearrangements

In cytogenetic diagnostics, molecular cytogenomic techniques are becoming increasingly prevalent,
and they do not require using a patient’s metaphase chromosomes. One of the most popular strategies
to diagnose chromosomal abnormalities includes the analysis of GTG-labeled metaphase chromosomes
and the consequent scrutinizing using microarray CGH or mass parallel sequencing. The current study
results prove that, sometimes, to identify a chromosomal abnormality, one needs to perform CISS
hybridization with whole chromosome DNA probes, which label potentially fragmented chromosomes.
Producing microdissectional DNA probes from such chromosomes enables identifying chromosomal
abnormalities that are not detected with cytogenomic methods. Moreover, our CCR analysis results
suggest that a complex molecular analysis could detect additional chromosomal rearrangements that
are critical even in the case of a preserved chromosomal region balance.

The alteration of the composition of topology-associated domains (TAD) could potentially affect
the regulation of replication and transcription in a chromosomal region with a large number of
genes. TAD structural analysis could be performed using Hi-C; however, it all could be much more
effective knowing what exact chromosomal regions need to be analyzed thoroughly. The percentage of
chromosomal abnormalities detected via molecular cytogenetic or cytogenomic analysis in patients
with a normal karyotype according to GTG-differential staining but having phenotypic abnormalities is
relatively low, around 5–10% [28,29]. For instance, among patients with idiopathic mental retardation
(MR), developmental delay (DD), and/or nonspecific dysmorphic features (NDF) and normal karyotype,
described based on GTG-differential analysis, using subtelomeric DNA probes enabled us to detect
distinct chromosomal rearrangements. Their complete characterization required performing an
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additional FISH with chromosome-specific and locus-specific DNA probes. In our follow-up study,
we detected the insertion of a small region of chromosome 3 into chromosome der(5). This enabled
us to determine the sequence of events and to offer a mechanism of formation of insertion 3q25 in
chromosome der(5). The formation of a final karyotype potentially proceeded as a two-step process
involving multiple cell generations.

Unlike GTG banding, FISH diagnostics presented here enabled us to detect the chromosome
3 segment within the der(5) chromosome. Besides describing a translocation, which involves three
chromosomes, we could also identify a small region of chromosome 3 on chromosome der(5). That was
possible due to the “multiplex” application of WCPs from intact chromosomes, as well as of a WCP
from rearranged chromosomes. The detection of a small region of chromosome 3 on chromosome der(5)
raised additional questions about the significance of the newly identified chromosomal breakpoints,
emphasizing the possible impairment of TAD structures and microdeletion formation in this region.

The detection of rearranged chromosomes is of high importance for medical genetic diagnostics
and prediction. A probability of gamete formation with balanced chromosomes is extremely low in
such a complex chromosomal rearrangement. The family is recommended in vitro fertilization (IVF)
using donor oocytes. In the case of spontaneous pregnancy, the patient is recommended to undergo
prenatal diagnostic testing.

According to the literature, many reciprocal translocation carriers are phenotypically normal,
but they have an increased risk of having children with chromosomal imbalance, spontaneous abortion,
or infertility [1].

4.2. Small Supernumerary Marker Chromosomes

Among chromosomal abnormalities, sSMC represents a special type of chromosomal
rearrangement, which has been very problematic in diagnostics until recently. sSMC detection
requires an analysis of the patient’s metaphase chromosomes. Cytogenomic techniques (CGH or mass
parallel sequencing) can only detect an increase in copy numbers for a specific euchromatin region
within sSMC. It is still a question whether it derives from sSMC or one of the chromosomes. If sSMC
lacks such a euchromatin region, it escapes detection. Notably, most sSMCs are present only in some of
the cells, which could also hamper or even completely block their detection via cytogenomic methods.
We suggest that an optimal sSMC identification and characterization strategy is to analyze the patient’s
metaphase chromosomes. The determination of its origin and contents should be performed using
DNA probes specific for pericentromeric chromosomal regions or making microdissectional DNA
probes from sSMC with a consequent reverse painting. These steps help to identify sSMC frequency
in a patient’s cells and its origin. In the case of de novo formed sSMCs, researchers can use this
information to check for monoparental disomy in the initial chromosome.

Amplifying and using microdissectional DNA probe from sSMC also enables us to determine
whether it contains any euchromatin. If sSMC is present in all patient’s cells, CGH and mass parallel
patients’ genome sequencing allows clarifying what euchromatin region of the initial chromosome is
preserved in sSMC.

FISH results with a microdissectional DNA probe on metaphase chromosomes could prove
complicated to interpret in case of a presence of only a small euchromatin region. At the same time,
karyotype mosaicism could question or even exclude CGH or mass parallel sequencing applicability.
In such a scenario, FISH with labeled Alu-repeat helps to detect euchromatin material within sSMC
more reliably than FISH with microdissectional DNA probe [30]. Another approach to describe sSMC
is to sequence the microdissectional DNA library derived from the sSMC. This enables us to detect
euchromatin’s presence within sSMC and rather accurately describe its contents [31,32]. However,
this approach’s application demands longer periods, which conflicts with the short turnaround time
required for prenatal diagnostic testing.

Unfortunately, even a detailed description of the sSMC contents does not solve all medical
genetic counseling problems. A complete absence of euchromatin within the sSMC suggests that
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the sSMC itself could not lead to the formation of an abnormal phenotype. However, in the case
of its de novo formation, one must perform an additional test for UPD in the initial chromosome.
It has also proved complicated to assess the pathogenic capabilities of the sSMC, which contains
euchromatin, except the sSMCs derived from chromosome 15. Identifying the most frequent locations
of chromosomal breakpoints during the formation of such sSMC and many studied cases allows
for reliably assessing its clinical implications and consequences. If sSMCs are derived from other
chromosomes, such an assessment becomes more problematic.

Multiple studies show that sSMCs, in which the size of a euchromatin region does not exceed
3–5 megabase pairs, do not possess any pathogenic potential [33]. Nevertheless, a work by Marle
has demonstrated that the risk of an abnormal phenotype could be associated with the size of the
euchromatin region (more or less than 1 Mb) or the number of genes (more or less than 10) [34]—these
studies need to be continued. The underlined characteristic of sSMCs with small euchromatin
regions could potentially be associated with its localization in the interphase nucleus. A small
euchromatin material and pericentromeric sSMC heterochromatin could be placed into the peripheric
transcriptionally inactive nuclear compartment leading to the suppression of the transcriptional activity.
To avoid such suppression, the euchromatin region must potentially exceed a specific size. Indeed,
the analysis of B chromosome spatial organization in association with heterochromatin regions of
autosomes in Korean field mice Apodemus peninsulae matches well with the above hypothesis [32,35].
On the contrary, in birds, microchromosomes are characterized by high transcriptional activity and are
in the inner transcriptionally active nuclear compartment [36].

Concluding, one must mention that besides the high effectiveness and broad capacities of modern
cytogenomic methods, performing a well-rounded, complete diagnostic of chromosomal abnormalities
requires complex studies utilizing both the cytogenomic techniques as well as traditional cytogenetic
methods. Interestingly, copy number variation (CNV) in different sizes is rather frequently detected by
CGH, but the interpretation of the results is often problematic. In the current paper, we describe the
structural changes in chromosomes, which were detected or expected after GTG banding. The sSMC
lacks euchromatin, suggesting that its formation does not lead to the imbalance of the genome’s
euchromatin portion. Notably, de novo formed sSMCs are associated with a high risk of uniparental
disomy, therefore requiring performing additional tests. Analysis of the complex chromosomal
rearrangement also fits well with the notion that it does not cause genetic imbalance. However,
identifying the points of breaks and reassociations during the chromosomal rearrangements allows
for precisely monitoring these regions, which could be further scrutinized using diverse molecular
diagnostic techniques. Significantly, such chromosomal rearrangements cause serious reproductive
issues while not leading to genetic imbalance.

5. Conclusions

Application of WCPs derived from metaphase chromosomes for the painting of rearranged ones
allows the detailed description of their content. In the present study, the approach included applying
WCPs derived from abnormal chromosomes; it appeared to be efficient in molecular cytogenetic
diagnostics of chromosomes formed with some subsequent translocations and small supernumerary
marker chromosomes. CISS hybridization with WCP derived from abnormal chromosomes can
precisely define its content, while CISS hybridization with WCPs from intact chromosomes can
confirm a conclusion based on a study using WCP generated from the chromosome of interest. Results
obtained in the performed analysis of the complex chromosomal abnormality and small supernumerary
chromosome showed high efficiency of combining the usage of both types of WCPs and locus-specific
probes with studying abnormal karyotypes revealed with the traditional cytogenetic technique of
metaphase chromosome GTG-banding in routine karyotype diagnostics.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/11/12/1511/s1,
Figure S1: FISH analysis of a complex chromosomal rearrangement involving three chromosomes and small
supernumerary marker chromosome in patients with impaired reproductive function.

http://www.mdpi.com/2073-4425/11/12/1511/s1


Genes 2020, 11, 1511 17 of 19

Author Contributions: Conceptualization, T.V.K., T.A.G. and N.B.R.; obtaining of microdissection DNA probes,
N.B.R.; data analysis, T.V.K. and K.E.O.; FISH design T.V.K.; writing—manuscript, V.V.M. and N.B.R.; funding
acquisition K.E.O. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Ministry of Education and Science of the Russian Federation,
grant #2019-0546 (FSUS-2020-0040) and by the Russian Foundation for Basic Research (#19-015-00084a).

Acknowledgments: Microscopy was performed in the Core Facility for Microscopy of Biologic Objects, the Institute
of Cytology and Genetics SB RAS (reg. No. 3054), Russia. We are grateful to S.A. Romanenko for technical
assistance with microdissection with DNA probes derived from abnormal chromosomes.

Conflicts of Interest: All the authors report no disclosure nor conflict of interest.

References

1. Shilova, N.V. Autosomal reciprocal translocations: Prenatal selection, segregation and assessment of empirical
risks for reciprocal translocation carriers of having a liveborn child with chromosome imbalance. Med. Genet.
2018, 17, 41–49.

2. Liehr, T. Formation of Small Supernumerary Marker Chromosomes. In Small Supernumerary Marker
Chromosomes (sSMC); Springer: Berlin/Heidelberg, Germany, 2012; pp. 21–29. ISBN 978-3-642-20765-5.

3. Liehr, T.; Weise, A. Frequency of small supernumerary marker chromosomes in prenatal, newborn,
developmentally retarded and infertility diagnostics. Int. J. Mol. Med. 2007, 19, 719–731. [CrossRef]
[PubMed]

4. Turner, K.J.; Silvestri, G.; Black, D.H.; Dobson, G.; Smith, C.; Handyside, A.H.; Sinclair, K.D.; Griffin, D.K.
Karyomapping for simultaneous genomic evaluation and aneuploidy screening of preimplantation bovine
embryos: The first live-born calves. Theriogenology 2019, 125, 249–258. [CrossRef]

5. Yang, F.; Fu, B.; O’Brien, P.C.M.; Nie, W.; Ryder, O.A.; Ferguson-Smith, M.A. Refined genome-wide
comparative map of the domestic horse, donkey and human based on cross-species chromosome painting:
Insight into the occasional fertility of mules. Chromosom. Res. 2004, 12, 65–76. [CrossRef] [PubMed]

6. Zong, E.; Fan, G. The variety of sterility and gradual progression to fertility in hybrids of the horse and
donkey. Heredity (Edinb.) 1989, 62, 393–406. [CrossRef] [PubMed]

7. Madan, K. Balanced complex chromosome rearrangements: Reproductive aspects. A review. Am. J.
Med. Genet. Part A 2012, 158A, 947–963. [CrossRef]

8. Karamysheva, T.V.; Gayner, T.A.; Zakirova, E.G.; Rubtsov, N.B. New Sight on Assessment of Clinical Value
of Human Supernumerary Marker Chromosomes. Russ. J. Genet. 2020, 56, 530–539. [CrossRef]

9. Nietzel, A.; Rocchi, M.; Starke, H.; Heller, A.; Fiedler, W.; Wlodarska, I.; Loncarevic, I.; Beensen, V.;
Claussen, U.; Liehr, T. A new multicolor-FISH approach for the characterization of marker chromosomes:
Centromere-specific multicolor-FISH (cenM-FISH). Hum. Genet. 2001, 108, 199–204. [CrossRef]

10. Ostroverkhova, N.V.; Nazarenko, S.A.; Rubtsov, N.B.; Nazarenko, L.P.; Bunina, E.N. Characterization of
a small supernumerary ring marker derived from chromosome 2 by forward and reverse chromosome
painting. Am. J. Med. Genet. 1999. [CrossRef]

11. Liehr, T. Small Supernumerary Marker Chromosomes and Tumors. In Small Supernumerary Marker
Chromosomes (sSMC); Springer: Berlin/Heidelberg, Germany, 2012; p. 181. ISBN 978-3-642-20765-5.

12. Verma, R.S.; Babu, A. Human Chromosomes—Manual of Basic Technologies, 4th ed.; Pergamon Press: New York,
NY, USA, 1998.

13. Henegariu, O.; Heerema, N.A.; Lowe Wright, L.; Bray-Ward, P.; Ward, D.C.; Vance, G.H. Improvements in
cytogenetic slide preparation: Controlled chromosome spreading, chemical aging and gradual denaturing.
Cytometry 2001, 43, 101–109. [CrossRef]

14. Karamysheva, T.B.; Matveeva, V.G.; Shorina, A.P.; Rubtsov, N.B. Clinical and Molecular Cytogenetic Analysis
of a Rare Case of Mosaicism for Partial Trisomy 3p and Partial Trisomy 10q in Humans. Russ. J. Genet. 2001.
[CrossRef]

15. Rubtsov, N.; Senger, G.; Neumann, A.; Kelbova, C.; Junker, K.; Beensen, V.; Claussen, U.; Rubtsov, N.;
Kuzcera, H. Interstitial deletion of chromosome 6q: Precise definition of the breakpoints by microdissection,
DNA amplification, and reverse painting. Hum. Genet. 1996, 97, 705–709. [CrossRef] [PubMed]

http://dx.doi.org/10.3892/ijmm.19.5.719
http://www.ncbi.nlm.nih.gov/pubmed/17390076
http://dx.doi.org/10.1016/j.theriogenology.2018.11.014
http://dx.doi.org/10.1023/B:CHRO.0000009298.02689.8a
http://www.ncbi.nlm.nih.gov/pubmed/14984103
http://dx.doi.org/10.1038/hdy.1989.54
http://www.ncbi.nlm.nih.gov/pubmed/2753743
http://dx.doi.org/10.1002/ajmg.a.35220
http://dx.doi.org/10.1134/S1022795420040031
http://dx.doi.org/10.1007/s004390100459
http://dx.doi.org/10.1002/(SICI)1096-8628(19991126)87:3&lt;217::AID-AJMG4&gt;3.0.CO;2-
http://dx.doi.org/10.1002/1097-0320(20010201)43:2&lt;101::AID-CYTO1024&gt;3.0.CO;2-8
http://dx.doi.org/10.1023/A:1016629409285
http://dx.doi.org/10.1007/BF02346176
http://www.ncbi.nlm.nih.gov/pubmed/8641683


Genes 2020, 11, 1511 18 of 19

16. Telenius, H.; Carter, N.P.; Bebb, C.E.; Nordenskjo¨ld, M.; Ponder, B.A.J.; Tunnacliffe, A. Degenerate
oligonucleotide-primed PCR: General amplification of target DNA by a single degenerate primer. Genomics
1992, 13, 718–725. [CrossRef]

17. Lichter, P.; Cremer, T.; Borden, J.; Manuelidis, L.; Ward, D.C. Delineation of individual human chromosomes
in metaphase and interphase cells by in situ suppression hybridization using recombinant DNA libraries.
Hum. Genet. 1988, 80, 224–234. [CrossRef]

18. McGowan-Jordan, J.; Simons, A.; Schmid, M. ISCN 2016; McGowan-Jordan, J., Simons, A., Schmid, M., Eds.;
S. Karger AG, 2016; ISBN 978-3-318-05857-4. Available online: https://www.karger.com/Book/Home/271658
(accessed on 23 November 2020).

19. Moyzis, R.K.; Torney, D.C.; Meyne, J.; Buckingham, J.M.; Wu, J.-R.; Burks, C.; Sirotkin, K.M.; Goad, W.B.
The distribution of interspersed repetitive DNA sequences in the human genome. Genomics 1989, 4, 273–289.
[CrossRef]

20. Malygin, A.A.; Graı̆fer, D.M.; Zenkova, M.A.; Mamaev, S.V.; Karpova, G.G. Affinity modification of 80S
ribosomes from human placenta by derivatives of tri- and hexauridylates as mRNA analogs. Mol. Biol. (Mosk.)
1992, 26, 369–377.

21. Rubtsov, N.B.; Karamysheva, T.V.; Andreenkova, O.V.; Bochkaerev, M.N.; Kartavtseva, I.V.; Roslik, G.V.;
Borissov, Y.M. Comparative analysis of micro and macro B chromosomes in the Korean field mouse Apodemus
peninsulae (Rodentia, Murinae) performed by chromosome microdissection and FISH. Cytogenet. Genome Res.
2004, 106, 289–294. [CrossRef]

22. IJdo, J.W.; Wells, R.A.; Baldini, A.; Reeders, S.T. Improved telomere detection using a telomere repeat probe
(TTAGGG) n generated by PCR. Nucleic Acids Res. 1991, 19, 4780. [CrossRef]

23. Liehr, T.; Claussen, U.; Starke, H. Small supernumerary marker chromosomes (sSMC) in humans.
Cytogenet. Genome Res. 2004, 107, 55–67. [CrossRef]

24. Liehr, T.; Klein, E.; Mrasek, K.; Kosyakova, N.; Guilherme, R.S.; Aust, N.; Venner, C.; Weise, A.;
Hamid, A.B. Clinical Impact of Somatic Mosaicism in Cases with Small Supernumerary Marker Chromosomes.
Cytogenet. Genome Res. 2013, 139, 158–163. [CrossRef]

25. Vetro, A.; Manolakos, E.; Petersen, M.B.; Thomaidis, L.; Liehr, T.; Croci, G.; Franchi, F.; Marinelli, M.;
Meneghelli, E.; Dal Bello, B.; et al. Unexpected results in the constitution of small supernumerary marker
chromosomes. Eur. J. Med. Genet. 2012, 55, 185–190. [CrossRef] [PubMed]

26. Yu, S.; Fiedler, S.D.; Brawner, S.J.; Joyce, J.M.; Zhou, X.G.; Liu, H.Y. Characterizing Small Supernumerary
Marker Chromosomes with Combination of Multiple Techniques. Cytogenet. Genome Res. 2012, 136, 6–14.
[CrossRef] [PubMed]

27. Malvestiti, F.; De Toffol, S.; Grimi, B.; Chinetti, S.; Marcato, L.; Agrati, C.; Di Meco, A.M.; Frascoli, G.;
Trotta, A.; Malvestiti, B.; et al. De novo small supernumerary marker chromosomes detected on 143 000
consecutive prenatal diagnoses: Chromosomal distribution, frequencies, and characterization combining
molecular cytogenetics approaches. Prenat. Diagn. 2014, 34, 460–468. [CrossRef] [PubMed]

28. Pope, B.D.; Ryba, T.; Dileep, V.; Yue, F.; Wu, W.; Denas, O.; Vera, D.L.; Wang, Y.; Hansen, R.S.;
Canfield, T.K.; et al. Topologically associating domains are stable units of replication-timing regulation.
Nature 2014, 515, 402–405. [CrossRef] [PubMed]

29. Redin, C.; Brand, H.; Collins, R.L.; Kammin, T.; Mitchell, E.; Hodge, J.C.; Hanscom, C.; Pillalamarri, V.;
Seabra, C.M.; Abbott, M.-A.; et al. The genomic landscape of balanced cytogenetic abnormalities associated
with human congenital anomalies. Nat. Genet. 2017, 49, 36–45. [CrossRef] [PubMed]

30. Liehr, T.; Mrasek, K.; Kosyakova, N.; Ogilvie, C.; Vermeesch, J.; Trifonov, V.; Rubtsov, N. Small supernumerary
marker chromosomes (sSMC) in humans; are there B chromosomes hidden among them. Mol. Cytogenet.
2008, 1, 12. [CrossRef]

31. Liehr, T.; Starke, H.; Senger, G.; Melotte, C.; Weise, A.; Vermeesch, J.R. Overrepresentation of small
supernumerary marker chromosomes (sSMC) from chromosome 6 origin in cases with multiple sSMC. Am. J.
Med. Genet. Part A 2006, 140A, 46–51. [CrossRef]

32. Makunin, A.I.; Rajičić, M.; Karamysheva, T.V.; Romanenko, S.A.; Druzhkova, A.S.; Blagojević, J.; Vujošević, M.;
Rubtsov, N.B.; Graphodatsky, A.S.; Trifonov, V.A. Low-pass single-chromosome sequencing of human small
supernumerary marker chromosomes (sSMCs) and Apodemus B chromosomes. Chromosoma 2018, 127,
301–311. [CrossRef]

http://dx.doi.org/10.1016/0888-7543(92)90147-K
http://dx.doi.org/10.1007/BF01790090
https://www.karger.com/Book/Home/271658
http://dx.doi.org/10.1016/0888-7543(89)90331-5
http://dx.doi.org/10.1159/000079301
http://dx.doi.org/10.1093/nar/19.17.4780
http://dx.doi.org/10.1159/000079572
http://dx.doi.org/10.1159/000346026
http://dx.doi.org/10.1016/j.ejmg.2012.01.010
http://www.ncbi.nlm.nih.gov/pubmed/22342433
http://dx.doi.org/10.1159/000334271
http://www.ncbi.nlm.nih.gov/pubmed/22123409
http://dx.doi.org/10.1002/pd.4330
http://www.ncbi.nlm.nih.gov/pubmed/24436202
http://dx.doi.org/10.1038/nature13986
http://www.ncbi.nlm.nih.gov/pubmed/25409831
http://dx.doi.org/10.1038/ng.3720
http://www.ncbi.nlm.nih.gov/pubmed/27841880
http://dx.doi.org/10.1186/1755-8166-1-12
http://dx.doi.org/10.1002/ajmg.a.31048
http://dx.doi.org/10.1007/s00412-018-0662-0


Genes 2020, 11, 1511 19 of 19

33. Liehr, T.; Ewers, E.; Kosyakova, N.; Klaschka, V.; Rietz, F.; Wagner, R.; Weise, A. Handling small supernumerary
marker chromosomes in prenatal diagnostics. Expert Rev. Mol. Diagn. 2009, 9, 317–324. [CrossRef]

34. Marle, N.; Martinet, D.; Aboura, A.; Joly-Helas, G.; Andrieux, J.; Flori, E.; Puechberty, J.; Vialard, F.;
Sanlaville, D.; Fert Ferrer, S.; et al. Molecular characterization of 39 de novo sSMC: Contribution to prognosis
and genetic counselling, a prospective study. Clin. Genet. 2014, 85, 233–244. [CrossRef]

35. Karamysheva, T.V.; Torgasheva, A.A.; Yefremov, Y.R.; Bogomolov, A.G.; Liehr, T.; Borodin, P.M.; Rubtsov, N.B.
Spatial organization of fibroblast and spermatocyte nuclei with different B-chromosome content in Korean
field mouse, Apodemus peninsulae (Rodentia, Muridae). Genome 2017, 60, 815–824. [CrossRef] [PubMed]

36. Maslova, A.V.; Krasikova, A.V. Spatial arrangement of macro-, midi-, and microchromosomes in
transcriptionally active nuclei of growing oocytes in birds of the order galliformes. Cell Tissue Biol.
2011, 5, 281–293. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1586/erm.09.17
http://dx.doi.org/10.1111/cge.12138
http://dx.doi.org/10.1139/gen-2017-0029
http://www.ncbi.nlm.nih.gov/pubmed/28732174
http://dx.doi.org/10.1134/S1990519X11030072
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Ethics 
	Experimental Design 
	Metaphase Chromosome Sample and Slide Preparation 
	FISH DNA Probes Preparation 

	Results 
	Discussion 
	Complex Chromosomal Rearrangements 
	Small Supernumerary Marker Chromosomes 

	Conclusions 
	References

