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Abstract

Background: Non-random chromosome positioning has been observed in the nuclei of several different tissue
types, including human spermatozoa. The nuclear arrangement of chromosomes can be altered in men with
decreased semen parameters or increased DNA fragmentation and in males with chromosomal numerical or
structural aberrations. An aim of this study was to determine whether and how the positioning of nine
chromosome centromeres was (re)arranged in the spermatozoa of fathers and sons — carriers of the same
reciprocal chromosome translocation (RCT).

Methods: Fluorescence in situ hybridization (FISH) was applied to analyse the positioning of sperm chromosomes
in a group of 13 carriers of 11 RCTs, including two familial RCT cases: t(4;5) and t(7;10), followed by analysis of eight
control individuals. Additionally, sperm chromatin integrity was evaluated using TUNEL and Aniline Blue techniques.

Results: In the analysed familial RCT cases, repositioning of the chromosomes occurred in a similar way when
compared to the data generated in healthy controls, even if some differences between father and son were further
observed. These differences might have arisen from various statuses of sperm chromatin disintegration.

Conclusions: Nuclear topology appears as another aspect of epigenetic genomic regulation that may influence DNA
functioning. We have re-documented that chromosomal positioning is defined in control males and that a particular
RCT is reflected in the individual pattern of chromosomal topology. The present study examining the collected RCT
group, including two familial cases, additionally showed that chromosomal factors (karyotype and hyperhaploidy) have
superior effects, strongly influencing the chromosomal topology, when confronted with sperm chromatin integrity
components (DNA fragmentation or chromatin deprotamination).
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Background
In recent vyears, examination of the intranuclear
organization of the genome in different cell types has
been well developed. In the cell nucleus, every chromo-
some occupies a well-defined non-random position, the
so-called chromosome territory (CT). The size and loca-
tion of the CT depends on the size of the chromosome,
gene density, transcriptional activity, phases of the cell
cycle and cell type [1, 2] Along with interchromatin
compartments (ICs), topologically associated domains
(TADs) constitute a fundamental structural unit and
interact with elements of the nuclear matrix, creating
the intranuclear architecture [1, 3-5]. Such a nuclear
organization has been suggested as one of the elements
adjusting epigenetic mechanisms that may regulate gen-
ome functioning. An interesting empirical model for
chromosome positioning is the human sperm nucleus
because of its unique chromatin compaction system. In
human spermatozoa, the packaging of sperm chromatin
is 4—6-fold stronger when compared to somatic cell
types, resulting from the exchange of histones for prot-
amines [6—8]. The centromeres of sperm chromosomes
are directed towards the nuclear centre, where they ag-
gregate in chromocenter/s, while telomeres tend to asso-
ciate as dimers and tetramers at the nuclear periphery
[6, 9-12]. Such a looped chromosome conformation
seems to be critically important for normal fertilization
and zygote development [13—15]. It has been suggested
that paternal telomeres are the first elements of the pa-
ternal genome to interact directly with the ooplasm after
fertilization. Non-random chromosome positioning in
human sperm is being evaluated during meiotic stages
of spermatogenesis [16—18]. Considering different cri-
teria for sperm nuclear schematic division, the positions
of all chromosomes have been presented. Additionally,
similarly to diploid cells, there is also a possible associ-
ation between the chromosome position and its size and
gene density in spermatozoa [17, 19, 20]. Interestingly,
the nuclear order of chromosomes can be altered in
males with decreased semen parameters, increased DNA
fragmentation and chromosomal aberrations, both struc-
tural (reciprocal translocation) as well as numerical
(sperm hyperhaploidy, marker chromosome) [21-28].
Reciprocal chromosomal translocations (RCTs) are
one of the most common structural aberrations in the
human genome (1/700 in new-borns) and are either her-
itable from one of the parents or induced de novo [29].
It is estimated that 1% of infertile males exhibit RCT
[30]. RCTs are present in approximately 16% of all auto-
somal aberrations in lymphocytes of oligozoospermic
men and in approximately 4% of azoospermic cases [30].
Balanced RCTs usually do not affect the phenotype of
the carrier or his sperm parameters. However, RCT car-
riers are at risk for an abnormal pregnancy and/or
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offspring with developmental disabilities, as determined
by the production of genetically unbalanced gametes ori-
ginating from chromosomal segregation during the
pachytene stage of meiosis. In approximately half of
RCT carriers, an interchromosomal effect (ICE) has been
documented. This increased frequency of hyperhaploid
gametes arises from disrupted disjunction of chromo-
somes that are not involved in a translocation and is one
of the causes of reproductive failure [31-38] In familial
RCT cases (i.e., father and son), men with the same RCT
have concurrent meiotic segregation patterns, but, intri-
guingly, they mostly demonstrate different (in)fertility
histories [39-47]. The reasons for such phenomena are
still unknown.

The purpose of this study was to determine whether
and how centromeres of chromosomes 4, 7, 8, 9, 10, 11,
18, X and Y are repositioned in the nuclei of spermato-
zoa of carriers of the same RCT. The observations were
focused on two familial RCT cases, including fathers and
sons, and the results were compared to those obtained
from two groups of males: normal controls and other
RCT carriers. Additionally, in a group of all collected
RCTs, the role of the abnormal karyotype vs. chromatin
integrity towards sperm nuclear organization order was
investigated. We also aimed to assess whether the sperm
nuclear topology might be diversified in relation to the
frequency of genetically unbalanced gametes.

Methods

The material for analyses consisted of spermatozoa from
13 male carriers of 11 balanced reciprocal chromosome
translocations: T1-46,XY,t(1;11)(p36.22;q12.2); T2-46,XY,
t(2;,8)(q21;q22); T3-46,XY,t(2;10)(q13;q24.3); T4-46,XY,
£(3,9)(q27;q22.3); T5-46,XY,t(410)(q35,q23.2); T6-46,XY,
t(4;18)(q33;q22.3); T7—46,XY,t(6;14)(q21;q13.3); T8-46,XY,
t(7;18)(q11.23;q12.2); T9-46,XY,t(11;13)(p15.5;q22); T10
and T11-46,XY,t(4;5)(p15.1;p12) (father and son); and T12
and T13-46,XY,t(7;10)(p21.2;q26.13) (father and son). All
patients were recruited during the examination of infertility
in reproductive clinics in Poznan (Poland), Bialystok
(Poland), and Lviv (Ukraine). The characteristics of each
RCT case, including seminology, meiotic segregation pat-
tern, chromatin integrity status, and aneuploidy level in
sperm cells, have been published elsewhere [45, 47-49]
and are presented in Table 1. Ideograms of the analysed
RCT cases are shown in Additional file 1: Figure S1. The
control sperm cells originated from our laboratory group
of healthy, fertile, male donors aged between 25 and 30
years with normozoospermia [50], in the following num-
bers: n =7 for aneuploidy evaluation (previously published
by Olszewska et al.,, [51]), n=15 for chromatin integrity
tests (previously published by Olszewska et al., [51])
and n=8 for topology analysis (not published else-
where). Ejaculated semen samples from all men were
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Table 1 Characteristics of reciprocal chromosome translocations (RCTs) carriers, including two familial cases (T10-T13) of fathers and

sons
RCT Karyotype Seminal % of genetically % of deprotaminated % of spermatozoa Hyperhaploidy ratio in spermatozoa
parametersb unbalanced spermatozoa (AB)® with fragmented  (%; enumerated only results
spermatozoab DNA (TUNEL)® higher than Mean Control values)®
T 46,XY,t(1;11)(p36.22,g12.2 N 596 nd 8.80 4-0.34; 8-0.40; 10-0.31; XY - 0.50
T2 46,XY,1(2;8)(921;022) T 543 285 188 10-0.22; 11-0.14; XY - 0.73
T3 46,XY,1(2;,10)(q13,24.3) N 50.7 66.3 358 7-0.22; 8-048; 18-0.53; XY - 0.62
T4 46,XY1(3,9)(927;922.3) AT 430 220 76 4-0.51; 7-0.26; 8-0.60; 11-0.18;
18-0.56; XY — 0.33
T5 46,XY,1(4,10)(935,923.2) N 394 36.5 59 7-0.29; 18-0.64; XY - 0.16
T6 46,XY1(4,18)(033;922.3) 423 nd 34.1 8-0.20; 9-0.32; 10-0.15
T7 46,XY,1(6;14)(921;,913.3) N 451 254 19.2 4-0.25; 7-0.29; 8-0.31; 9-0.37;
11-0.60; 18-0.59; XY - 0.29
T8 46,XY,1(7,18)(q11.23,q12.2) N 65.7 456 56 11-0.22
T9 46, XY1(11;,13)(p15.5,22) O 450 222 19.7 10-0.21; 18-0.32; XY - 0.36
Familial case no. 1:
T10 46,XY1(4:5)(p15.1,p12)° N 65.2 4.6 nd 10-0.17; 18-0.22; XX - 0.25;
father YY - 0.18; XY - 033
T T 65.6 13.7 nd 18-0.29; XY - 0.26
son
Familial case no. 2:
T12 46,XY,1(7,10)(p21.2,g26.13) N 376 nd 259 4-0.58; 8-0.28; XY - 0.31
father
T13 N 444 25.1 56 9-0.22; XY - 048
son
Mean RCT value + SD - 5061 +16.78 2899 + 18.55* 17.00+11.85*%
Mean Control value + SDY - - 16.53+7.89 841+3.39 4-0.13; 7-0.13; 8-0.13; 9-0.12;

10-0.09; 11-0.08; 18-0.09;
XX =0.11;YY - 0.10; XY - 0.08

N normozoospermia, T teratozoospermia, AT asthenoteratozoospermia, O oligozoospermia (according to WHO, 2010)
AB aniline blue assay, TUNEL Terminal deoxynucleotidyl transferase dUTP Nick End Labeling, nd not done

*value statistically significant according to Mean Control value (p < 0.05)

previously published in Midro et al., 2014, except TUNEL and hyperhaploidy results

bpreviously published in Olszewska et al,, 2013, 2017 (T2-T9, T12-T13)

“percentage of genetically unbalanced spermatozoa previously published in Wiland et al., 2007

dpreviously published in Olszewska et al, 2014 (hyperhaploidies), 2017 (AB, TUNEL)

collected after 3-5days of sexual abstinence. After
liquefaction and washing in F-10 medium, sperm
samples were fixed with a fresh fixative solution
(methanol:acetic acid, 3:1 v/v, —20°C) and then stored
at —20°C until further use. All men were notified
about the purpose of the study, and written informed
consent was obtained according to the guidelines of
the Local Bioethical Committee in Poznan University
of Medical Sciences (approval no. 772/15).

Fluorescence in situ hybridization (FISH)

Slide preparation

Fixed sperm samples were spread onto slides, washed in
1x PBS (pH7.0; Biomed, Lublin) and incubated in a
decondensation solution (10 mM dithiothreitol (DTT;
Merck), 100 mM TRIS-HCI; pH 8.5, 43°C) for 5 to 10
min. The slides were briefly rinsed in 2x SSC (pH 7.0),

air-dried and then stored at — 20 °C until the FISH pro-
cedure. The FISH procedure was prepared according to
the manufacturer’s protocol (Cytocell, Cambridge, UK) with
modifications as described previously [23, 47]. Briefly, for
the sperm FISH experiments, only slides containing
non-overlapping spermatozoa with a preserved nuclear
shape and tail were selected. Additionally, the criterion of a
max. 1.5-fold increased nuclei size after DTT treatment
was taken into consideration. For the positioning of centro-
meres, two- or three-colour FISH experiments were pre-
pared. The FISH mixture contained 2.0ul of each
a-satellite probe (5x concentrated, green and red or green,
red and yellow = green+red; listed below) and was filled
with a hybridization solution to a final volume of 10.0 ul
(Cytocell, UK). The probes used in the experiments were
centromere-specific for nine chromosomes: 4 — locus D471
(4p11.1-q11.1), 7 — locus D7Z1 (7pll.1-q11.1), 8 — locus
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D8Z2 (8pl1.1-q11.1), 9 — locus D973 (9q12), 10 — locus
D10Z1 (10p11.1-q11.1), 11 — locus D117Z1 (11p11.1-q11.1),
18 — locus D18Z1 (18pl1.1-qll.1), X — locus DXZ1
(Xpll.1-q11.1) and Y — locus DYZ3 (Yp11l.1-q11.1).

Microscopy and data analysis

Images of the FISH results were acquired with a fluores-
cence microscope (Zeiss D1 Axiolmager, Germany)
equipped with an oil-immersion 100x objective, a band-
pass filter set (FITC/Texas Red/DAPI and Triple) and a
CCD camera (MetaSystems, Germany). Topology ana-
lysis was performed using ISIS software fitted in meas-
urement tools (MetaSystems, Germany). The efficiency
of FISH was estimated at 98%. For each chromosome
and each male, positioning in a minimum 150 of sperm-
atozoa was analysed. The total number of spermatozoa
evaluated in the study amounted to approximately
28,000 cells.

Localization of the centromeres

The topology of chromosomes 4, 7, 8, 9, 10, 11, 18, X
and Y was estimated in linear and radial measurement
patterns, explained in Fig. 1, as developed by Zalenskaya
and Zalensky [52] and successfully used in our previous
topology studies [22—25]. In the case of chromosomes
involved in RCT, in addition to centromere-specific
FISH probes, probes specific for subtelomeric regions
were also used (colour combinations described previ-
ously [45, 47, 48]). This colour combination allowed us
to discriminate the segregants containing a set of 23
chromosomes, including normal and derivative chromo-
somes (spermatozoa after alternate and adjacent I segre-
gation) (meiotic segregation patterns have been
described in detail previously [45, 47, 48], and frequen-
cies of genetically unbalanced gametes are summarized
in Table 1).
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Linear positioning

The linear positioning denotes the frequency of sperm-
atozoa with a FISH signal in three equal regions of the
sperm nucleus determined along its long axis: ‘' — near
the tail, ‘m’ — middle part, and ‘@’ — near the acrosome
(Fig. 1a).

Radial positioning

The radial position indicates that the centromere can be
situated deep inside the nucleus (central localization) or
close to the internal sperm nuclear membrane (periph-
eral localization). We used the graphic model described
by Zalenskaya and Zalensky [52]), which includes
geometric attributes of the sperm cell determining the
‘flipping coin’ mirror positions of spermatozoa on micro-
scopic slide. The measured parameters of the sperm nu-
cleus included the following: length of the long axis (L;
from a tail attachment point to an acrosome) and short
axis (I; in the widest part of the sperm nuclei), distance
from the FISH signal to the tail attachment point (D)
and to the long axis L (H), and the ellipsoidal shape (L/1)
indicating the decondensation ratio of the nucleus (Fig.
1b). The D/L value was used to determine the position
of the centromere towards the ‘tail-acrosome’ direction,
with a maximum value of 1.0. The H/L value defined the
position of the centromere in terms of the nuclear depth
(‘centre-periphery’ criterion), with a maximum value of
0.3. The obtained values are depicted in a coordinate
system as the mean D/L + SE for the OX axis and H/L +
SE for the OY axis (Fig. 1c). The intranuclear localization
areas of the analysed centromeres are shown as limited
regions of the sperm nucleus — so-called chromocenters
(Fig. 1c).

Chromosome characteristics

The characteristics of the individual chromosomes in-
volved in each RCT are presented in Additional file 2:
Table S1. All length and position values were counted in

c H/L
1.0 O
0.0 g
O
tail —— > acrosome 0.0 0.5 1.0 D/L

Fig. 1 A graphical model of the linear and radial measurement techniques of centromere localization within the sperm cell nucleus. a Linear
positioning: frequency of FISH signals counted in 3 equal parts of the nucleus, delineated along the long ‘L’ axis: ‘t' — near the tail, 'm" — middle,
and ‘@’ - near the acrosome. b Radial positioning: centromere localization — central (deep inside the nucleus) or peripheral (close to the sperm
nuclear membrane), according to normalized values depicted in a coordinate system: D/L + SE for OX axis and H/L + SE for OY axis, where L and |
- lengths of the long and short axes of the sperm nucleus; D and H - distances from the FISH signal (green point) to the tail attachment point
and to the long axis; ellipse — potential mirror image of centromere localization. ¢ Schematically marked chromocenter areas (groups of
centromeres) with their mirror image (grey area). Radial positioning was originally determined by Zalenskaya and Zalensky [52]
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Mpz according to data from NCBI Genome Data Viewer,
GRCh38.p11 (https://www.ncbi.nlm.nih.gov/genome/gdv/).
A translocated segment (TS) included chromosomal
fragment from the breakpoint to the end of an arm
that was translocated, while an interstitial segment
(IS) consisted of chromosomal region from the
centromere to the breakpoint (TS + IS = chromosomal
arm). The ratios of both fragments were estimated ac-
cording to the length of the whole chromosomal arm
involved in proper translocation.

Statistical analysis

For statistical analysis of the linear results, a
two-tailed x> test was performed with a significance
level of a=0.05. For statistical analysis of the radial
results, one-way analysis of variance (ANOVA) was
carried out at a significance level of a=0.01. Estima-
tion of the common aggregation of centromeres was
performed using Ward cluster analysis and visualized
as hierarchical trees with linkage to Euclidean dis-
tances. All the tests were performed using OriginLab
(v. 8.5) or GraphPad Prism (v.5) software.

Results

Linear positioning

The linear positioning results are presented in Table 2
and Fig. 2.

Analysis of the linear positioning revealed that the
centromeres of all evaluated chromosomes in control
males were preferentially localized in the middle part of
the sperm nucleus (‘m’; 53.16-66.85%) (Table 2). Near
the acrosome (@), the frequency of spermatozoa varied
from 15.46-40.77%, with the most acrosomal position
for centromeres of chromosomes X and Y (40.77 and
32.48%, respectively). Localization near the sperm tail
(‘) exhibited values from 6.07-24.42% and was prefer-
entially exhibited by centromeres of chromosomes 4 and
8 (24.42 and 24.22%, respectively) (Table 2).

When considering the RCT group, the centromeres of
all the analysed chromosomes revealed a preference for
‘middle’ localization (52.38-57.37%). The mean fre-
quency in the ‘a’ area varied from 21.59-39.30%, while
near the tail (‘t), it ranged from 7.79-23.55% (Table 2). A
lower value noticed in the ‘m’ area (vs. control) was
linked to a higher value in the ‘a’ area, indicating that in
the RCT group, centromeres were repositioned towards
the acrosome. The most acrosomal position was found
for centromeres of chromosomes X and Y (39.30 and
32.72%, respectively), similarly to the controls. A prefer-
ential ‘tail’-position for chromosomes 4 and 8 was ob-
served (22.50 and 23.55%, respectively; Table 2).

In both RCT families, there were no significant differ-
ences in the localization of chromosomes 7, 9 and 11 in
comparison to the mean control values (Table 2, Fig. 2).
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Additionally, no repositioning was observed for the
chromosomes: 18 in the t(4;5) family and 10 in the
t(7;10) case. Statistically significant differences (p < 0.05),
simultaneously between fathers and sons vs. mean con-
trol values, were found for the centromere of chromo-
some 4, which was shifted towards the acrosome area
(similarly in both families), and for chromosome X in
the t(4;5) family. Single changes (for father or son vs.
control) in centromere localization were noted in the
t(4;5) family for chromosomes 10 and Y and in the
t(7;10) family for chromosomes 8, 18, X and Y (Table 2,
Fig. 2). When considering differences in father vs. son,
significant differences (p < 0.05) were observed in both
families for sex chromosomes. Further repositions were
also found for chromosome 8 in the t(4;5) family and for
chromosome 18 in the t(7;10) case (Table 2, Fig. 2).

Radial positioning
The radial positioning results are presented in Tables 3,
4 and 5 and in Figs. 3, 4, 5 and 6.

The results obtained in control group are presented in
Table 3 (mean values) and Fig. 3a. These results showed
that based on (i) the ‘tail-acrosome’ criterion, centro-
meres were localized in the following order: 8, 4, 11, 18,
7, 10, 9, Y and X; (ii) ‘centre-periphery’ criterion, the
most peripheral position was assumed by chromosomes
4 and 8, in contrast to chromosomes X and Y, which
were located the most centrally, deep in the sperm nu-
cleus. Hierarchical clustering showed that some chromo-
somes were localized pair-wise (4 and 8, 11 and 18), in a
group (Y, 7, 9 and 10) or remaining single (X). Three
control chromocenter areas are depicted (Fig. 3a, right
panel).

The radial positioning results in the RCT carrier group
are shown in Tables 3 and 4 and in Figs. 3bc, 4 and 5.
Radial positioning analysis in the RCT group revealed
several changes in the chromosome order within the
sperm nucleus. In comparison to the control region
(grey background areas in Fig. 3), repositioning of the
centromeres of particular chromosomes was clearly ob-
served (Fig. 3). Additionally, hierarchical clustering
showed differences in the grouping of centromeres in in-
dividual RCT carriers, presenting potentially 2—4 clusters
— chromocenters (Fig. 3bc). When considering the ‘sta-
bility’ of centromere positioning, this point finding can
be investigated both from chromosomal and from indi-
vidual RCT carrier aspects. Thus, when examining the
chromosomal issue, the most statistically ‘stable’ centro-
mere position was found for chromosomes 8 (7/13 RCT
cases), 7, 9 and 18 (6/13) (p = 0.01; Tables 3 and 4, Fig.
4). In contrast, when analysing chromosomes that were
mostly repositioned, sex chromosome localization was
changed in 10/13 RCT (X) and 11/13 (Y) cases, followed
by chromosome 4 (10/13) (p<0.01; Table 4, Fig. 4).
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Fig. 2 Linear positioning within the sperm nucleus of familial RCT cases vs. controls: left panel — 46,XY,t(4;5)(p15.1;p12), father T10 and son T11;
right panel — 46,XY,t(7;10)(p21.1,g26.13), father T12 and son T13. The frequencies of centromeres are colour-coded according to the sperm nuclear
region. Statistically significant differences (p < 0.05) are also depicted: between fathers and sons in red colour; mean control value (black colour).
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All values are presented in Table 2

Interestingly, a small number of repositioned chromo-
somes (< 4; p<0.01) was observed only in three RCT
cases (T4, T5, T6). In contrast, the most ‘unstable’ RCT
was T7 t(6;14), with a statistically changed localization in
all nine chromosomes evaluated (p < 0.01; Table 4).

The detailed results of the topology examination of fa-
milial cases is presented in Figs. 3c and 6 and Tables 3
and 5. In both RCT families, the strongest relocation (vs.
control; p <0.01) was found for chromosome 4, with its
centromere visibly shifted to the acrosomal area. Chro-
mosomes X and Y were clearly repositioned towards the
periphery of the sperm nucleus (p <0.01). In contrast,
no repositioning vs. control (p=0.01) was noted for
chromosome 8 in the t(4;5) family, followed by chromo-
somes 7 and 9 in the case of t(7;10).

When considering the t(4;5) family (Fig. 6a), the cen-
tromeres of chromosomes 4, 9, 11 and Y were similarly
shifted for father and son simultaneously when com-
pared to the mean control results: chromosome 4 was
repositioned towards the acrosome (p <0.0001), while
chromosomes 9, 11 and Y were repositioned to the
nuclear periphery (p < 0.01). When considering chromo-
somal positioning between father and son, no dissimilar-
ities were found for the centromeres of chromosomes 8,
10 and 11 (p 2 0.01), while statistically significant differ-
ences were observed for the centromeres of chromo-
somes 4, 7,9, 18, X and Y (p < 0.01).

The results obtained for the second familial RCT
case t(7;10) were in agreement with these observa-
tions (Fig. 6b). Namely, the centromeres of chromo-
somes 4, 8, X and Y were repositioned in a similar
way in father and son when compared to the control:
chromosomes 4 and 8 were shifted towards the acrosomal
area, while X and Y were repositioned to the nuclear per-
iphery (p <0.0001). No statistically significant differences
in positioning (father vs. son; p = 0.01) were found for the
centromeres of chromosomes 4, 7, 8, 9 and 11, in contrast
to the other chromosomes with visible repositions in the
father’s gametes into the sperm periphery (chromosome
10) or sperm tail region (18, X and Y) (p < 0.0001).

The number of chromocenter areas was similar be-
tween fathers and sons (3 or 4) and when compared to
the control (3 areas) (Figs. 3 and 5a). These areas con-
tained different configurations of chromosomes as fol-
lows: single, pair-wise or grouped (Fig. 3c; hierarchical
clustering). When considering the total nuclear region
occupied by the nine analysed chromosomes, the nuclear
territory was clearly approximately twice as wide in RCT
carriers compared with the control (Fig. 5b).

Chromosome characteristics

Measurement of proper parts/elements of chromosomes
involved in RCTs revealed that various fragment lengths
of chromosomal arms were involved in translocations
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Table 4 Summary of radial positioning — chromosomes with changed localization of centromeres in particular RCT cases, with

reference to mean control positioning values

RCT CHROMOSOME

Direction of repositioning

Tail-acrosome Center-periphery Both None
T t(1;11) 18 89 XY 4,7 10, 11/der(11)
T2 t(2:8) 8/der(8), 11 7,10, X Y 4,918
T3 (2,10 11,7 4 9, 10/der(10) 7,8,18,X
T4 (3,9 4, 9/der(9) M - 7,8,10,18, X, Y
T5 t(4;10) Y 11 18, X 4/der(4), 7, 8,9, 10/der(10)
T6 t(4,18) 4/der(4), 10 X Y 7,8,9, 11, 18/der(18)
17 t(6;14) 4,7,8,10,18 X, Y - 9 11 -
T8 t(7,18) 8,10, X 4 7/der(7), 11 9, 18/der(18), Y
T9 t(11;13) 10 7,18 9, X 4,8, 11/der(11), Y
Familial cases:
T10 t(4;5) father 4/der(4), 7 9,10, 11,18, X, Y - 8
T t(4;5) son 4/der(4), X 7,11 9,Y 8,10, 18
T12 t(7;10) father 4,8 10/der(10) 18, X, Y 7/der(7),9, 11
T13 t(7;10) son 4, 8,10/der(10), 18 X 11,Y 7/der(7), 9

(TS: 3.01-91.47% of the whole arm; Additional file 2:
Table S1). In 6 cases of 5 RCTs (T4, T5, T6, T9, T12/
T13), the percentage ratio of TS was below 50% in both
chromosomes simultaneously. These findings indicated
that no more than half of a proper chromosomal arm
was translocated into its rearrangement partner. Six
breakpoint positions were located near the centromere
and six in the subtelomeric region. In 3 RCTs (T1, T9,
T12/T13), both p and q chromosomal arms were in-
volved in the rearrangement. The presence of an acro-
centric chromosome was noted in 2 RCT cases (T7, T9).

Table 5 Summary of differences observed in radial positioning
observed in familial RCT cases. Results presented in details in
Table 3 and Fig. 4. '+ means the difference in topology of
particular centromere in cell nucleus of spermatozoa between
father and son (p < 0.01)

RCT Chromosome

4 7 8 9 0 11 18 X Y
T10 t(4;5) father + o+ + + o+ o+
T t(4;5) son

Direction of repositioning  S-c = S-c S-a S¢ Sc Sc

T2 (7;10) father + o+ o+
T13 t(7;10) son

Direction of repositioning F-p F-c Fc F

S-c: positions of centromeres localized more central in spermatozoa of son
when compared to father

S-a: positions of centromeres localized more acrosomal in spermatozoa of son
when compared to father

F-p: positions of centromeres localized more peripheral in spermatozoa of
father when compared to son

F-c: positions of centromeres localized more central in spermatozoa of father
when compared to son

To clarify the order in the present study, we have pro-
vided a short summary of the data concerning hyperha-
ploidy, the genetic imbalance ratio, and chromatin
integrity for the spermatozoa of the evaluated RCT car-
riers in Table 1, which have been were previously pub-
lished [45, 47-49, 51]. Because of the individual
characteristics of each RCT, no mean values were esti-
mated, and the obtained results were compared only to
mean control values.

Hyperhaploidy in spermatozoa

Analysis of the frequency of spermatozoa with an add-
itional chromosome showed that among nine analysed
chromosomes, hyperhaploidy of XY was observed in
11 of 13 RCT carriers (range: 0.16—0.73%), followed
by chromosomes 18 (7/11; 0.22-0.64%), 10 (5/9;
0.04-0.31%), and 8 (6/12; 0.06-0.60%) (Table 1).
Hyperhaploidies of other chromosomes were also no-
ticed in less than 50% of RCT cases. In two RCT car-
riers (T4, T7), an interchromosomal effect was
observed (hyperhaploidies of all analysed chromo-
somes were increased compared with control results).
In the familial case of t(4;5), an increased hyperha-
ploidy ratio was observed for chromosomes 18 and
XY in both family members. Additionally, in the
spermatozoa of the father, hyperhaploidies of chromo-
somes 10, XX and YY were also noticed. In the sec-
ond family t(7;10), XY hyperhaploidy was found in
both males, followed by chromosomes 4 and 8 in the
father’s spermatozoa and chromosome 9 in the sperm
cells of the son (Table 1).
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Fig. 3 Radial positioning of the analysed centromeres (4, 7, 8,9, 10, 11, 18, X, Y) in the sperm cell nucleus, according to the values D/L + SE (OX
axis) and H/L + SE (OY axis) from Table 3. a The mean control values obtained for eight control donors: positioning of particular centromeres
(left), three areas of the chromocenter (middle; grey areas), and hierarchical Ward analysis representing the clustering of centromeres (right). b
Positioning results for nine RCT carriers (T1-T9), including a comparison with the control chromocenter areas (grey). ¢ Positioning results for
familial RCT cases (T10 and T11 - t(4;5); T11 and T12 - t(7;10))

Meiotic segregation pattern
The genetic imbalance ratio in the spermatozoa of the
studied RCT carriers varied from 37.6 to 65.7%. In both

familial cases, the results characterizing father and son
showed similar values (t(4;5) father 65.2% vs. son 65.6%;
t(7;10) father 37.6% vs. son 44.4%).
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Chromatin integrity

Sperm chromatin integrity was analysed using aniline
blue (AB) staining for determination of the frequency of
spermatozoa with deprotaminated chromatin, and the
TUNEL assay to check the frequency of sperm cells with
fragmented DNA. The frequency of sperm cells with
deprotaminated chromatin ranged from 4.6 to 66.3% in
the RCT group (Table 1). Compared with the controls, a
higher level of deprotaminated sperm chromatin was
found in 4 of 10 RCT cases, including 3 carriers, with
frequencies of spermatozoa with deprotaminated chro-
matin >35% (T3-66.3%, T5-36.5%, T8-45.6%). In the
familial case of t(4;5), the frequency of deprotaminated
spermatozoa was 3-fold higher in the son vs. father
(13.7% vs. 4.6%). In the familial case of t(7;10), only the
son’s sperm cells were analysed (insufficient material
from the father). The TUNEL assay results revealed a
frequency of spermatozoa with fragmented DNA of 5.6—
35.8% (Table 1). Additionally, 6 of 11 RCT carriers
showed a higher frequency of spermatozoa with frag-
mented DNA compared with the control group, includ-
ing two males with values >30% (T3, T6), four between
15 and 30% (T2, T7, T9, T12), and five below 10% (T1,
T4, T5, T8, T13). In the familial case of t(7;10), the fre-
quency of spermatozoa with fragmented DNA was
4.6-fold higher in father vs. son (25.9% vs. 5.6%). Because
of the insufficient quantity of material from the t(4;5)
family, the TUNEL assay was not performed in this case.

Discussion

This is the first study to examine the topology of the
chromosomes in the sperm cell nucleus of male car-
riers with the same balanced reciprocal chromosome
translocation in two familial cases of fathers and sons.
Additionally, chromosome positioning analysis was

performed in a group of other RCT carriers to under-
line the superior role of the presence of an abnormal
karyotype vs. sperm chromatin integrity components.
We also assessed whether the sperm nuclear order
might be diversified in relation to the frequency of
genetically unbalanced gametes. To our knowledge,
this is also the biggest study conducted to date con-
cerning sperm nuclear order alterations in males with
an abnormal karyotype (11 RCTs of 13 RCT carriers;
9 chromosomes).

Our results confirmed the defined and stable
localization of centromeres in healthy control males.
Our findings were consistent with previously published
data showing the preferential positioning of particular
chromosome centromeres within the human sperm cell
nucleus [6, 21, 22, 24, 52]. We showed that among the
nine analysed chromosomes, the most central/deep and
acrosome-close localization was assumed by chromo-
somes X and Y, in contrast to chromosomes 4 and 8,
which were positioned the most peripherally and close
to the sperm tail region. Additionally, three control
chromocenter areas were observed.

In the RCT group analysed herein, we observed the
greatest instability of localization among autosomes for
chromosome 4 — its position was changed in 10/13 RCT
cases. At present, we can hypothesize that the high mo-
bility of chromosome 4 may originate from its large size,
resulting in substantial surface exposure to mechanical
forces during a topological reorganization event. Studies
performed in different tissues and organisms have clearly
shown that in the nuclear ordering of chromosomes, a
critical role may be played by mechanisms physically
governing genomic organization [53, 54]. Other authors
have previously suggested that the size of a chromosome
may also be important in its proper positioning in
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human spermatozoa [17, 19, 20]. Additionally, in most
RCT males analysed in this study, repositioning of sex
chromosomes was observed (X — 10/13; Y — 11/13),
clearly suggesting their vulnerability to repositioning.
This finding also strongly confirms previous data show-
ing that the repositioning of sex chromosomes towards
the sperm nuclear periphery accompanies disturbances
in spermatogenesis in males with reproductive failure
[21-25, 27, 28, 55]. In control spermatozoa, preferential
X chromosome localization was observed in the acroso-
mal area, which is the first region that interacts with the
ooplasm during fertilization [6, 13, 22-24, 52, 55, 56]. It
was therefore suggested that such a chromosome X pos-
ition may play a functionally important role in the
reorganization of the paternal genome and inactivation
of X chromosome [15, 57]. Specific apical positioning of

the centromere of the X chromosome has also been doc-
umented in spermatozoa rinsed away from the oocyte
surface after a sperm penetration assay (SPA) into ham-
ster egg, demonstrating a lack of chromosome X pres-
ence near the tail area of the sperm nucleus [58].
Simultaneously, the positioning of chromosome X deep
inside the sperm nucleus seems to be protective for its
genetic content [13, 55, 59].

When evaluating two familial cases, repositioning of
the chromosomes occurred in a similar way when com-
pared to the control results, even though some chromo-
somal differences between father and son were observed.
An example is that the centromeres of chromosomes 4
and 8 were shifted towards the acrosome area in familial
cases, while in controls they colocalized and assumed a
position in the middle part of the sperm nucleus.
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Moreover, sex chromosomes were also shifted similarly
in fathers and sons towards the periphery of the sperm
nucleus from the fixed deep central region in controls.
The observation that repositioning of particular chromo-
somes was similar in a father and son allowed us to sug-
gest that substantial RCT with definite chromosome
involvement might influence the nuclear order in a de-
termined fashion.

In this study, we also observed that 3 main geomet-
rical features of chromosomes involved in RCT may
be essential for a scale of chromosome repositioning
in the human sperm cell nucleus. First, we found an
important role of the length of the translocated segment
(TS) of the chromosomal arms involved in a particular re-
arrangement (see Additional file 2: Table S1). We ob-
served the smallest number of repositioned chromosomes
(< 4; p<0.01) in only three RCT cases (T4, T5, T6) — in all
of them, the ratio of exchanged genetic material was less
than 50% of the arms of both involved chromosomes;
thus, the final asymmetry between the chromosome and

its derivative remained limited and stable (see Additional
file 1: Figure S1, Additional file 2: Table S1). Second, we
can hypothesize that the engagement of opposite arms in
RCT may destabilize the nuclear order of sperm chromo-
somes, even if the TS value was < 50%. This phenomenon
has been observed in T12/T13 cases with the involvement
of both chromosomal arms (p and q). Third, the presence
of an acrocentric chromosome seems to be meaningful
and enhance destabilization of the chromosome position.
Its role was observed in the case of T9, in which more
than half of the chromosomes evaluated were reposi-
tioned, even if TS was <50% and simultaneous involve-
ment of p and q was found. The influence of an
acrocentric chromosome was also observed in the case of
the most ‘unstable’ RCT — T7, with altered positions of all
nine chromosomes evaluated. Thus, we can clearly as-
sume that 3 geometrical features, distance of the break-
point to the centromere (TS<50%), rearrangement
between opposite chromosomal arms, and involvement of
the acrocentric chromosome, may successfully intensify
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repositioning of the chromosomes in the human sperm
cell nucleus.

The chromosomal geometry seems to also be promin-
ent over the presence of an additional chromosome —
hyperhaploidy. Of course, the influence of hyperha-
ploidy, as another chromosomal factor, on the position-
ing of chromosomes within the sperm nucleus remains
unquestionable [22-24, 60]. Our observation from RCT
cases with increased hyperhaploidy of a particular
chromosome showed that the topology of this chromo-
some was also altered in such cases (in 6/13 RCTs). In-
teresting findings were revealed when analysing the
number of hyperhaploid chromosomes in familial RCT
cases, in which we found that a higher level of hyperha-
ploidy of X and Y chromosomes resulted in a greater num-
ber of repositioned chromosomes. Sex chromosome
hyperhaploidies appear to influence the number of reposi-
tions in the case of the same chromosomal rearrangements
(karyotype). Thus, the presence of any hyperhaploidy may
in fact disturb the nuclear organization. Taken together,
these observations seem to confirm previously published
data documenting an altered chromosome topology in
hyperhaploidic spermatozoa [22—24, 60]. The most visible
repositionings were observed for the T7 case with a sug-
gested interchromosomal effect (ICE) and repositioning of
all the studied chromosomes. It seems logical to suggest
that in cases with undoubtedly documented ICE, the pres-
ence of an additional chromosome within the nuclear
space may be more important than the particular karyo-
type of the analysed case per se. This hypothesis is further
supported by data published with supernumerary marker
chromosome (sSMC) carriers, in which the presence of
sSMC - which is in fact also a hyperhaploidy — was
followed by documented ICE in spermatozoa and was ac-
companied by altered chromosomal positions [19, 23, 28].
However, in the present study, ICE was also observed in
the T4 case, with the lowest number of repositioned chro-
mosomes (3/9) among the whole RCT group (Table 4).
These findings suggest the presence of some other factor
(than hyperhaploidy by itself) that influences chromosome
repositioning. We can hypothesize/claim that the differ-
ence between the two cases resulted from the geometrical
features of the chromosomes involved in RCT (discussed
in the previous section). Thus, we suggest that between the
two chromosomal factors (geometry vs. hyperhaploidy),
geometrical features seem to be superior.

The next point addressed in this study concerned
whether nuclear topology in sperm might differ in relation
to the frequency of genetically unbalanced gametes. In our
group of RCTs, the frequencies of genetically unbalanced
spermatozoa varied from 37.6 to 65.7% (Table 1). We did
not identify a direct link between the number of reposi-
tioned chromosomes and the genetic imbalance ratio, ei-
ther in the whole RCT group or in familial cases. RCT
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cases with the most reshuffled chromosomes (>7/9) mani-
fested both a high frequency of genetically unbalanced
gametes (approx. 60%; T1, T10) and a medium value of
genetic imbalance (approx. 45%; T7, T13). Similar obser-
vations were performed in RCT cases with an almost in-
tact nuclear order (T4, T5, T6). The lack of a clear link
was also underlined by different levels of chromosome re-
positioning (4-9/9) in RCT cases with similar frequencies
of genetically unbalanced gametes (i.e., T5 and T12, or T7,
T9 and T13). Thus, we can only claim that the presence
of the chromosomal rearrangement itself alters the nu-
clear order in spermatozoa and is rather independent from
the genetic imbalance resulting from the meiotic segrega-
tion of the chromosomes involved in the rearrangement.

Our study also corroborates the tendency of centro-
meres to aggregate when composing chromocenters
(Figs. 3 and 5) [11, 26, 52]. We found that in the whole
RCT group, the number of chromocenters varied be-
tween 2 and 3 areas and was similar to the mean 3 con-
trol areas. Additionally, in familial cases, the number of
chromocenter areas was similar between fathers and
sons (3 or 4) and when compared to controls (3 areas)
(Fig. 5a). Interestingly, the nuclear territory occupied by
the analysed nine chromosomes was approximately
twice as wide in the group of all RCT carriers compared
with the control (Fig. 5b). This finding confirms previ-
ously published data that in males with disrupted sperm-
atogenesis (both an abnormal karyotype or sperm
chromatin integration disturbances), the number of
chromocenters may be changed, with a tendency to oc-
cupy a wider area of the sperm nuclear space when com-
pared to controls with intact spermatogenesis (Figs. 3
and 5) [22-24, 26].

In this study, we also examined the role of chromatin
integrity components (sperm deprotamination and DNA
fragmentation) in the sperm nuclear order of chromo-
somes. In our previous study [25], observations of
chromosome positioning were performed in spermato-
zoa with fragmented DNA (TUNEL positive) from a
patient with a normal karyotype (46,XY). We have sug-
gested some link between sperm DNA damage and nu-
clear topology, but without a clear determination of the
cause-effect relationship. In the present study investigat-
ing spermatozoa from patients with abnormal karyo-
types, we did not find any link between the number of
repositioned chromosomes and disturbances in sperm
DNA fragmentation. In three RCT cases with a low fre-
quency of spermatozoa with fragmented DNA (< 10%;
T1, T8, T13; Table 1), the number of reshuffled chromo-
somes was high (>6/9; Table 4). In contrast, cases with
the highest level of sperm DNA fragmentation (> 30%;
T3, T6) revealed repositioning for only half of the ana-
lysed chromosomes. In only two RCT cases with a small
number of repositioned chromosomes (4/9; T4, T5) were
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the results of the TUNEL assay also low (< 10%). Thus,
we can suggest that chromosomal rearrangement (ab-
normal karyotype) may play a superior role to sperm
DNA damage with respect to its influence on chromo-
some topology. A similar conclusion may be drawn
when collating the number of changed chromosomal lo-
cations with other chromatin integrity components such
as chromatin deprotamination. In RCT cases with a high
frequency of deprotaminated spermatozoa (>35%; T3,
T5, T8; Table 1), the number of repositioned chromo-
somes remained at the middle level (4—6/9; Table 4).
Interestingly, in RCT cases with the most altered top-
ology (=7/9; T7, T10, T13), the frequencies of spermato-
zoa with deprotaminated chromatin did not differ from
the control values. Thus, the role of chromatin integrity
(both sperm DNA fragmentation and chromatin depro-
tamination) in the nuclear order of spermatozoal chro-
mosomes seems to be subordinated by the presence of
an abnormal karyotype. This conclusion can also be
supported by data obtained for familial cases, in which
despite high chromatin disintegrity, the number of repo-
sitioned chromosomes was low. Thus, we can suggest
that the differences in chromosome positioning between
father and son carriers of the same chromosomal re-
arrangement may arise rather from chromosomal but
not chromatin factors. In contrast, however, chromatin in-
tegrity may play a role in some other causative effects on
the chromosomal order in males with the same chromo-
somal rearrangement. Indeed, in the familial cases exam-
ined in this study, we observed that chromatin integrity
might influence the direction of chromosomal reposi-
tioning. Namely, when high disintegration was observed,
more centrally chromosomes were located (i) in the t(4;5)
family, chromatin deprotamination in the son was approxi-
mately 3-fold higher than in the father, and the son’s chro-
mosomes (4, 7, 18, X and Y) were positioned more
centrally than in his father (with the exception of chromo-
some 9, which was localized more acrosomally); (ii) in the
t(7;10) family, sperm DNA fragmentation was approxi-
mately 4.6-fold higher in the father compared with the son,
and the father’s chromosomes (18, X and Y) were located
more centrally than son’s chromosomes (with the exception
of chromosome 10, which was observed more peripherally)
(Table 4, Fig. 6). Thus, considering the chromatin integrity
vs. chromosomal rearrangement, the primary role in the
nuclear order is played by a chromosomal factor (number
of repositioned chromosomes), followed by chromatin in-
tegrity (direction of repositions). Confirmation of this hy-
pothesis requires further investigation in other carries with
chromosomal rearrangements, not only with RCTs.

Conclusions
In conclusion, we can suggest that a particular structural
chromosome rearrangement (RCT in this study) is
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reflected by the individual pattern of chromosomes posi-
tioning in the sperm cell nucleus. This conclusion was
shown by generally similar repositions in fathers and
sons when compared with controls. Additionally, the
geometric characteristics of the pair of particular chro-
mosomes involved in RCT may determine the scale of
repositioning. Furthermore, high sperm hyperhaploidy
may not be neutral for nuclear order fixing/settlement.
Importantly, during meiotic stages of spermatogenesis,
chromosomes establish firm locations, which are then
preserved in the sperm nucleus [16-18]. It has been well
documented that both rearranged chromosomes and the
presence of an additional chromosome can disturb mei-
osis via an association with the other chromosomes,
leading to decreased fertility [61]. Considering all these
findings together, we can claim that chromosomal fac-
tors, especially an abnormal karyotype, are superior
factors influencing the topology of chromosomes in
spermatozoa. The role of chromatin integrity compo-
nents in the sperm nuclear order should not be neutral
but can most likely be considered secondary (playing a
role in the direction of repositions) when examining
cases with the same karyotype (RCT).

Additional files

Additional file 1: Figure S1. Schematic GTG ideograms of 11 reciprocal
chromosomal translocations from 13 male carriers evaluated in the study.
In each RCT, breakpoints were marked with arrows, and chromosomes
from each pair were differently coloured to show the size of translocated
segments (TS). (PDF 369 kb)

Additional file 2: Table S1. Chromosome characteristics in each of
analyzed RCTs. TS - translocated fragment (from breakpoint to the
end of a chromosomal arm), IS - interstitial fragment (from
centromere to the breakpoint); f — father, s — son; '+' — presence of a
proper feature, grey colour — cases with TS values below 50% in
both engaged chromosomes simultaneously. All values counted
according to data from NCBI Genome Data Viewer, GRCh38.p11
(https://www.ncbi.nlm.nih.gov/genome/gdv/). (PDF 578 kb)
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