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Abstract

Microduplications are normally invisible under micros-
copy and were not recognized before chromosomal mi-
croarray testing was available. Although it is difficult to
confirm the orientation of duplicated segments by stan-
dard fluorescence /in situ hybridization (FISH), our data
indicates that fiber-FISH analysis has the potential to
reveal the orientation of duplicated and triplicated seg-
ments of chromosomes. Recurrent microduplications
reciprocal to microdeletions show tandem orientations
of the duplicated segments, which is consistent with
a non-allelic homologous recombination mechanism.
Several random duplications showed tandem configura-
tions and inverted duplications are rare. Further analy-
sis is required to fully elucidate the basic mechanisms
underlying such duplications/triplications.
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Core tip: Fiber-fluorescence /n situ hybridization analysis
has the potential to reveal the orientation of duplicated
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and triplicated segments of chromosomes. Previously,
we reported that interstitial duplications were aligned
in tandem configurations, supporting the hypothesized
mechanism of non-allelic homologous recombination;
however, there were rare cases of inverted duplications.
Further analysis is therefore required to fully elucidate
the basic mechanisms underlying such duplications/trip-
lications.
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COMMENTARY ON HOT TOPICS
Background

Chromosomal microduplication is a type of chromosomal
anomaly. Although several chromosomal duplications have
been reported previously, small microduplications that
were invisible under the microscope were not recognized
before chromosomal microarray testing was available.
The only known microduplications were those involving
specific genes, such as the peripheral myelin protein 22
gene (PMP22) and the proteolipid protein 1 gene (PLPY).
Previously, we knew that patients with PAMP22 mutations
manifest Charcot-Marie-Tooth disease [Mendelian Inheri-
tance in Man (MIM) #118220] and patients with PLP7
mutations show Pelizacus-Merzbacher disease (PMD;
MIM #312080); microduplications of these genes wete
revealed under the hypothesis that copy number gain of
these genes may be related to disease occurrence!. Be-
fore the availability of chromosomal microarray testing, a
targeting system was used to detect such duplications, in-
cluding fluorescence 7 sitn hybridization (FISH), quantita-
tive polymerase chain reaction (PCR) and multiple ligation
probe amplification (MLPA) (Table 1).
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It is possible to detect the numbers of the targeted
signals by FISH - whole subtelomeres can be analyzed in
this manner”. Specific regions have already been analyzed
previously using this method; ¢.g., the 22q11.2 region for
DiGeorge syndrome and the 7q11.2 region for Williams
syndrome. Although FISH is a powerful tool for detect-
ing deletions of targeted regions, the biggest disadvantage
is that it is difficult to detect small duplications owing to
overlapping signals.

Generally, PCR cannot be used to quantify amplified
fragments owing to saturation of amplification. However,
in cases of linear amplification, quantity can be estimated
by using a real-time PCR monitoring system. The chief
feature of this system is that the target is fixed at the start
of analysis'”, Although MLPA is based on a PCR system,
the targets of amplification are fused probes included in
the buffer. Because various sizes of the amplicons can
be included in the same tube, multiplexed targets can be
measured simultaneously” and whole subtelomeric re-
gions can be analyzed comprehensively'”.

At present, it is easier to detect genomic copy number
aberrations by using chromosomal microarray testing as
a comprehensive method. We subsequently realized that
there are numerous microchromosomal duplications that
are genetic causes for vatious diseases.

Mechanism of microduplications

We can classify duplications into 2 types: recurrent mi-
croduplications and random microduplications (Table 2).
Recurrent microduplications are caused by non-allelic ho-
mologous recombination (NAHR) mediated by low-copy
repeats. Consequently, such microduplications are recipro-
cal to the microdeletions caused by the NAHR mechanism.
According to this mechanism, chromosomal aberrations
can occur in 3 Waysl()]: (1) inter-chromosomal; (2) intra-
chromosomal; and (3) intra-chromatid (Figure 1). As shown
in Figure 1, inter-chromosomal and intra-chromosomal
exchanges can create both deletions and duplications
equally. However, intra-chromatid exchange only creates
microdeletion and not microduplication. Thus, microdupli-
cations created by NAHR are definitely a consequence of
inter-chromosomal or intra-chromosomal exchange. Both
processes create duplications in tandem orientation. How-
ever, few studies have confirmed the hypothesized tandem
configurations of the duplication.

Standard FISH

Previously, many efforts have been made to detect orien-
tations of the duplication by FISH. The combined use
of 2 different colored probes can detect the orientations
of the chromosomal fragments. We analyzed the orienta-
tions of the duplicated segments and many showed tan-
dem configurations. As shown in Figure 2A, an interstitial
duplication of 2q32.1-q33.3 was inserted in a contiguous
tandem configuration'”.

Compared to such interstitial duplications, subtelo-
mere duplications are different because they are most
commonly a result of U-type exchange between the sister
chromatids during the meiotic processm. We observed
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(1) Inter-chromosomal (3) Intra-chromatid
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Figure 1 Schematic representation of the mechanism of non-allelic homolo-
gous recombination. The mechanism can occur in 3 ways. Chromosomal
duplications can be created by (1) inter-chromosomal exchange; (2) intra-
chromosomal exchange; and (3) intra-chromatid exchange. Although inter-
chromosomal and intra-chromosomal exchanges can lead to deletions and
duplications equally, intra-chromatid exchange only creates microdeletions and
not microduplications. Microduplications created by non-allelic homologous
recombination invariably show tandem orientations. White arrows indicate the
directions of the segments. This figure is referring the report by Gu et af®.

A Tandem B Inverted

l
T

C Tandem duplication

D Inverted duplication

E Tandem triplication

Figure 2 Results of fluorescence in situ hybridization in metaphase and
fiber-fluorescence in situ hybridization. A: Tandem duplication aligned in
red-green-red-green is shown; B: Inverted duplication aligned in green-red-red-
green is shown; C: Tandem duplication aligned in red-green-red-green is shown
in a single DNA fiber; D: Inverted duplication aligned in red-green-green-red is
shown; E: Tandem ftriplication with 3 repeats of red-green units. Arrows indicate
the directions of the segments.
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Table 1 Characters of the methods to detect genomic copy number variations

Characters Advantages

Disadvantages

Fluorescence in situ hybridization
genomic copy numbers

Quantitative polymerase chain reaction Wide dynamic range

Numbers of the signals correspond to the

Small duplications cannot be detected

Primer designs are required for each targets

Many samples can be analyzed at once

Multiple ligation probe amplification
Chromosomal microarray testing
Comprehensive

Multiple targets can be analyzed at once
Accurate and high resolution

Original primer designs are required for specific regions
Chromosomal structures including balanced
translocations cannot be analyzed

Table 2 Characteristics of microduplications

Characteristic Recurrent microduplications Random
microduplications
Mechanism Non-allelic homologous Random
recombination
Mediated by locus control regions
Characteristics ~ Reciprocal to common deletions Random

Uniformed size

inverted duplication and deletion in the 10926 regionm.
Inverted orientation was confirmed by FISH in this case
(Figure 2B).

As mentioned above, in the cases of large duplica-
tions it is possible to determine the orientations of the
duplicated segments; however, it is difficult to determine
otientation for small duplications owing to ovetlapping
signals in metaphase spreads. Consequently, interphase
nuclei were used as an alternative to determine the align-
ments of the signals. Lee ez al™” analyzed the orienta-
tions of the duplications involving PL.P7 in patients with
PMD using interphase nuclei. They confirmed that many
duplications of this region were aligned in tandem ori-
entations. However, there is the limitation that directions
cannot be detected accurately. To compensate for this,
several nuclei from the same patients have to be checked.

Methods of fiber-FISH

Chromosomes are composed of 3-dimentional structures
that consist of DNA and histones. Thus, targeted signals
can be overlapped. In such cases, fiber-FISH analysis has
the advantage of being able to detect the orientations of
the duplicated segments accurately " (“fiber” means
DNA fibers).

DNA fiber specimens can be prepared after separat-
ing chromatin structures by surfactants. To perform fiber-
FISH analysis, traditional Carnoy fixation can be used.
The method is as follows: Carnoy-fixed samples should
be mounted on the surface of the glass slides and the
slides should be immediately dipped into sodium dodecyl
sulfate solution and then slowly pulled out. Consequently,
the separated DNA fibers can be fixed onto the surface
of the glass slides.

The same probes used for standard FISH can be used
for fiber-FISH. Compared to standard FISH, targeted
signal intensity is extremely weak. Because live signals are
not visible by microscopy, long exposure time is required
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for signal capture. To capture standard FISH pictures,
interphase nucleus or metaphase labeled by DAPI can
be used as landmarks; however, there are no interphase
nucleus and metaphase in fiber-FISH specimens. Thus,
it is necessary to search the entire surface of the slide to
detect signals.

Not all fibers show the same rate of extension on the
same slide. This is dependent on the duration of the dip
into the surfactants solution. If the length of the targeted
fiber was too long to be captured in a single field of view,
not all the target signals can be captured in the same field
of view. It also depends on the size of the targeted dupli-
cations. If signals can be successfully captured, the direc-
tions of the fragments can be determined.

In terms of the clinical point of view, detection of
microduplication orientation is not a suitable strategy for
clinical analyses. Thus, fiber-FISH analysis is a specialized
method for research work.

Orientations of the duplicated segments
Previously, we analyzed the directions of the duplicated
segments of the 22q11.2 region. The 4 duplications of
the 22q11.2 region, identified by chromosomal microar-
ray testing, showed tandem configurations of the dupli-
cated segments, supporting the hypothesized mechanism
of NAHR"", We analyzed 7 and 4 samples with the
duplications in the region of PLP7 and the methyl CpG
binding protein 2 gene, respectivelyllz’w, and all of the
duplications showed tandem configurations as seen in the
22q11.2 region (Figure 2C), although the duplications in
the region of PLP7 are considered to be created by fork
stalling and template switching and not by NAHR™.
Almost all duplications analyzed previously showed tan-
dem configurations, as seen in cases of large duplications
visible by general FISH analysis. The only exception was a
benign copy number gain identified at the Xp22.31 region
that included the steroid sulfatase gene (Figure 2D)"™. This
may indicate that the mechanism of the copy number gain
in the benign region may be different from that of the
pathological CNV.

Triplications

Triplications are rare chromosomal aberrations which can
be classified into 2 types: (1) triplication embedded into
duplicated segments; and (2) triplications not embedded
into duplicated segments'”. Because sufficient data are
not available owing to the scarcity of these triplications,
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the mechanisms underlying them have seldom been ana-
lyzed. The clearest evidence is that some of the triplica-
tions embedded into duplicated segments are caused by
the duplication-inverted triplication-duplication mecha-
nism revealed by Carvalho ez o/ and Shimojima e /.
Compared to this, a tandem triplication was confirmed
in another case involving the platelet-activating factor
acetylhydrolase 1b regulatory subunit gene (Figure 2E) ,

In conclusion, as a result of the wider adoption of
chromosomal microarray testing as a diagnostic tool,
many genomic copy number gains were found to cause
multiple congenital anomalies and intellectual impair-
ments. Thus, this is just a starting point to understanding
the mechanism of such genomic copy number gains. For
this purpose, we should accumulate more cases of dupli-
cations and triplications and analyze the orientations of
the segments.
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