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1 Introduction 6

1 Introduction

This cumulative dissertation includes the two publications “Distinct nuclear orientation
patterns for mouse chromosome 11 in normal B lymphocytes” published in BMC Cell
Biology in June 2014 and “Changes in nuclear orientation patterns of mouse chromo-
some 11 during mouse plasmacytoma development” published in Translational Oncol-
ogy in October 2015.

1.1 Background

Epigenetics is a term describing the process of modifications of chromosomes. These
modifications occur without changing the genotype but influence gene activity and gene
expression. Adrian Peter Bird defines epigenetics as “the structural adaption of chro-
mosomal regions so as to register, signal or perpetuate altered activity states”(Bird
2007). Russo describes epigenetics as "the study of mitotically and/or meiotically herit-
able changes in gene function that cannot be explained by changes in DNA sequence"
(Russo, Martienssen, and Riggs 1996). Chromosomes consist of chromatin which in
turn is composed of DNA, RNA and proteins, primarily histones. Epigenetic modifica-
tions of chromatin include methods like DNA methylation or histone acetylation
(Kouzarides 2007). The exact structural organization of chromatin has not been identi-

fied up to date.

Different aspects of nuclear architecture may also have an influence on epigenetic
changes. Chromosomes are organized in chromosome territories (CT). These are spe-
cific regions within the three-dimensional (3D) nucleus, which are evolutionary con-
served (Cremer and Cremer 2010). The arrangement of CTs is dependent on factors
like chromosome size, gene density or for example gene activity. Transcriptionally ac-
tive genes can be found outside of CTs whereas inactive genes are located inside
(Morey, Kress, and Bickmore 2009). 3D FISH studies to clarify the structure and organ-
ization of CTs are of enormous relevance for a better understanding of nuclear archi-

tecture.

1.2 Orientation

Analyzing orientation patterns of chromosomes in the 3D nucleus is a hew approach in

studying nuclear architecture. The regions at the end of eukaryotic chromosomes are


https://en.wikipedia.org/wiki/Mitosis
https://en.wikipedia.org/wiki/Meiosis
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called telomeres, which consist of repetitive nucleotide sequences to protect the chro-
mosome from degradation (Chan and Blackburn 2004). The centromere is the region
where the two chromatids of a chromosome are connected before chromosome divi-
sion during mitosis. The centromere can be located at different positions on the chro-
mosome, e.g. metacentric, acrocentric or telocentric. Mouse chromosomes have only
telocentric centromeres at the terminal end of chromosomes (Kalitsis, Griffiths, and

Choo 2006). In our publications this end is referred to as “centromeric end”.

In both studies we assessed the orientation of chromosome 11 in the 3D nucleus of
murine cells. Telomeric and centromeric ends of chromosomes can indicate the orien-
tation of the whole chromosome, which may for example either point towards the nu-
clear center or towards the periphery. In addition, chromosomes can also be located in
parallel to the nuclear border with the end neither pointing towards the nuclear center
nor the periphery. Determining the orientation of homologous chromosomes results in
various orientation patterns: Both homologs can point with their telomeric ends towards
the nuclear center (1), both can point with their centromeric ends towards the center
(2), both can be located in parallel to the nuclear border (3), one can be in parallel
whereas the other points with its centromeric end (4) or telomeric end (5) towards the
center. Alternatively, one homolog can be oriented with its telomeric end towards the
center whereas the other points with its centromeric end towards the center (6). Analy-
sis was performed by visual inspection and by the use of automatic programs. For the
visual inspection, a parameter assessing the parallel orientation of chromosomes was
introduced during evaluation of nuclear orientation patterns. Automated analyses clas-
sified the parallel orientation into a direction (i.e. one end towards the center and one

towards the periphery since a perfect parallel orientation did not exist).

1.3 Chromosome 11

In the center of interest was chromosome 11 because it is frequently altered in mouse
plasmacytoma (PCT) which is a B cell lineage tumor. Wiener et al discovered 2010 that
subcytoband 11E2 of mouse chromosome 11 is regularly duplicated in mouse fast-
onset PCTs. Moreover, they indicated that it accelerates PCT development. In these
PCTs a high frequency of subcytoband 11E2 trisomy was found, associated with the
overexpression of genes within 11E2. The corresponding syntenic regions in human
are 17925 and 10932 in rat and they are regularly changed in many tumors (Kuzyk et
al. 2015; Turhan et al. 2006; Koelsch, Rajewsky, and Kindler-Rohrborn 2005; Langan
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et al. 2004). Subcytoband 11E2 may therefore play an important role in the tumorigenic

process.

1.4 Aim

The focus of both publications was the study of mouse chromosome 11 orientation pat-
terns in the 3D interphase nucleus of tumor and control cells. Orientation patterns have
never been assessed before, so we analyzed normal lymphocytes at first and lympho-
cytes deriving from PCT subsequently. We examined whether chromosome 11 was
oriented with its telomeric or centromeric end towards the nuclear center, respectively
periphery or whether it showed a parallel position to the nuclear border. Distinct orien-

tation patterns in nuclei of normal lymphocytes and of PCT cells were determined.

Multicolor banding (MBANDIng) was used in order to determine the orientation in four
different cell types. The orientation patterns were compared to each other and changes

during tumor development were observed.
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2 Material and Methods

2.1 Cell types

We examined four different cell types: Diploid mouse Pre B lymphocytes of BALB/c
origin (Pre B cells), primary B lymphocytes of congenic [T38HXBALB/c]N wild-type mice
(T38Hwt lymphocytes), B lymphocytes of [T38HXBALB/c]N mice with a reciprocal trans-
location between chromosome X and 11 (T38HT(X;11) lymphocytes) and fast-onset
plasmacytoma (PCT) cells (Wiener et al. 2010). T38HT(X;11) lymphocytes exhibited a
long chromosome (T(11;X)) and a short chromosome (T(X;11)). Fast-onset PCT cells
are induced in the unique [T38HXBALB/c]N rcpT(X;11) mouse model by pristine and v-
abl/myc. The mean latency of fast-onset PCTs is only 45 days.

Pre B cells were grown in cell culture, lymphocytes were harvested from the spleens of
6 to 8 week old T38Hwt and T38HT(X;11) mice and PCT cells were isolated out of the
ascites of fast-onset PCT mice. To gain valid results we analyzed approximately 300
nuclei per cell type and about a hundred nuclei were used from each slide. Since stud-

ies were done in triplicate, we needed three mice per cell type.

2.2 Methods

To control copy number and structural stability of chromosome 11 and to verify the la-
beling of the mBAND paint, metaphase spreads of Pre B and T38Hwt lymphocytes
were prepared and two-dimensional (2D) cell fixation was performed. Three slides of
each cell type underwent hybridization with the chromosome 11 mBAND probe, which
were conducted in three different experiments. 20 metaphases per slide were imaged
using an Axioplan 2 microscope (Carl Zeiss Ltd., Toronto, ON, Canada) and the ISIS-

FISH imaging system 5.0 SR 3 (Metasystems Group Inc. Boston, MA, USA).

3D fixation to nuclei of Pre B cells and of lymphocytes of T38Hwt, T38HT(X;11) and
PCT mice was conducted after harvesting them from spleens, respectively ascites. 3D
nuclei fixation was performed according to a protocol described by Solovei et al. 2002
(Solovei et al. 2002).

The method we used on all nuclei of all four cell types is mBANDing. Normally
MBANDiINg is used to detect intrachromosomal rearrangements (Chudoba et al. 1999)

but it can also be applied for studying nuclear architecture. Before fluorescence in situ



2 Material and Methods 10

hybridization (FISH) the nuclei underwent 3D cell fixation. The chromosome 11
MBANDiINng paint consists of four different fluorochromes labeling four different overlap-
ping segments of chromosome 11. The telomere is labeled with FITC (green), the peri-
centromeric region with Texas Red (magenta) and the segments in between in GOLD
(red) and DEAC (cyan blue). In total 12 individual mBAND experiments were carried
out. Using an Axiolmager Z2 microscope, corresponding filters to the four fluoro-
chromes and an AxioCam MRm (Carl Zeiss Inc. Canada) over 300 nuclei per cell type
were captured, approximately 100 per slide. In order to reconstruct a 3D image, z-
stacks of 80 slices with 200nm axial distance and 102nm lateral pixel size were ac-
quired. After acquisition the images were deconvolved with a constrained iterative algo-
rithm (Schaefer, Schuster, and Herz 2001) using the Axiovision Release 4.8 Software
(Carl Zeiss Inc. Canada).

2.3 Analysis

For analyzing orientation patterns, we used three different methods. Firstly, we exam-
ined all nuclei by visual inspection. We determined whether the telomere pseudo-
colored in green or the centromere pseudo-colored in red was pointing towards the nu-
clear periphery, respectively the nuclear center. When no end was oriented towards the
center or periphery, these chromosomes were designated as parallel. The combination
of different chromosome 11 orientations resulted in different orientation patterns. Poly-
ploid nuclei with more than four copies of chromosome 11 were difficult to analyze vis-
ually. Therefore, only the orientation of chromosome 11 in nuclei with up to four copies
was determined. The position of the small translocation chromosome T(X;11) whether
it is located in a central, intermediate or peripheral nuclear position was also examined

visually.

Secondly, for the first publication (“Distinct nuclear orientation patterns for mouse
chromosome 11 in normal B lymphocytes”) 45 nuclei of Pre B cells and of T38Hwt lym-
phocytes were additionally analyzed with a semi-automatic quantitative program using
the software eADS (Kupper et al. 2007). The program measured the distance in na-
nometer between the geometric centers of each chromosomal segment and the nucle-
ar border. Afterwards the adequate orientation to each chromosome had to be as-
signed. Further, the conformation of chromosome 11 was assessed whether it showed
a straight or angulated formation. The main disadvantage of the analysis by the semi-

automatic program was that all chromosomes 11, each band and nucleus had to un-
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dergo manual segmentation and therefore all pixels at different levels of grey had to be

distinguished visually.

Thirdly, for the second publication (“Changes in Nuclear Orientation Patterns of Chro-
mosome 11 during Mouse Plasmacytoma Development”) nuclei of PCT and
T38H(TX;11) lymphocytes were additionally analyzed with a fully automated program.
This program measures chromosome orientation in the 3D nucleus (Righolt et al. 2015)
and it provides exact results. We therefore did not determine a parallel orientation any
longer. Unfortunately, the program could only be implemented for diploid cells. In the
second paper though we assessed PCT cells showing two and more copies of chro-
mosomes 11. For statistical comparison of the orientation patterns the method of anal-
ysis had to be the same. Consequently, we used the results by visual inspection in both
publications.
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3 Results and Discussion

We analyzed orientation patterns of chromosome 11 in nuclei of a diploid mouse Pre B
lymphocyte line of BALB/c origin, in B lymphocytes of congenic [T38HXBALB/c]N wild-
type mice and [T38HXBALB/C]N rcpT(X;11) mice and of PCTs. We performed mBAND-
ing to 3D preserved nuclei and examined more than 300 nuclei of each cell type. The
mouse chromosome 11 mBAND probe labels four overlapping segments with four fluo-
rescing colors. The telomeric end is labeled with FITC Green, the centromeric end with
Texas Red and the regions in between with Gold and DEAC. The mBANDed nuclei
were imaged using Axiovision 4.8 Software (Carl Zeiss Inc. Canada) and were decon-
volved with a constrained iterative algorithm. By visual inspection we analyzed the ori-
entation of chromosome 11 of the respective cell types and subsequently determined

orientation patterns.

3.1 Chromosome 11 orientation patterns

We observed three different orientations; (1) chromosome 11 points with its telomeric
end to the nuclear periphery and with its centromeric end to the nuclear center, (2) it
points with its centromeric end to the nuclear periphery and with its telomeric end to the
center, (3) chromosome 11 was designated as parallel to the nuclear surface when the
end was pointing neither towards the nuclear center nor the periphery. Combining the
observed orientations of all chromosomes in one nucleus, we determined an orienta-

tion pattern.

In the first study we observed three main patterns of chromosome 11 orientation in 3D
interphase nuclei from Pre B and T38Hwt lymphocytes: The most frequent orientation
pattern observed in both cell types was with both copies of chromosome 11 located in
parallel to the nuclear border (37.3% and 31.9%, respectively). There was no signifi-
cant difference in the occurrence of this orientation pattern between both lymphocyte
types (p=0.20). The second most common orientation observed was with one homolog
of chromosome 11 oriented with its telomeric end towards the nuclear center, while the
other chromosome 11 homolog was found in parallel to the nuclear border (20.5% and
26.1% in Pre B and T38Hwt mouse lymphocytes, respectively). There was no signifi-
cant difference in the frequency of this orientation pattern seen between both types of
lymphocytes (p=0.13). One chromosome 11 pointing with its centromeric end to the

center and the other located in parallel to the nuclear border was the third most fre-
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quently observed orientation. The occurrence of this orientation pattern did not differ
significantly in both types of lymphocytes (p=0.05) with a frequency of 16.3% in Pre B
and of 10.4% in T38Hwt lymphocyte nuclei. There was a significant difference between
the percentages of cells with each of the three major orientation patterns within each
cell type (p < 0.001). There was no significant difference in the occurrence of the orien-

tation patterns observed between both B cell types (p>0.05).

In the second study we examined chromosome 11 orientation patterns in nuclei of lym-
phocytes from PCT and T38HT(X;11) mice. The most frequently observed orientation
pattern in T38HT(X;11) was with both chromosomes located in parallel to the nuclear
border (35.0%). In all PCTs this orientation pattern was only observed in 10.7%
(p<0.01). The orientation pattern with one homolog pointing with its centromeric end
towards the nuclear periphery and the other homolog being in parallel was found most
frequently in PCTs (13.4% of all PCTs) and in 23.7% of T38HT(X;11) (p=0.83). Both
chromosomes pointing with their centromeric ends towards the periphery was observed
in 18.7% of T38HT(X;11) and in 8.5% of all PCTs (p=0.0001). The third most common
orientation pattern in PCTs was with one homolog located in parallel whereas the other
homolog was pointing with its telomeric end to the periphery (8.5%). This orientation
pattern was found in 13.6% of T38HT(X;11) nuclei (p<0.01). When comparing
T38HT(X;11) nuclei to all PCT nuclei with respect to their orientation patterns a signifi-

cant difference was noted (p<0.0001).

115 out of 224 (51.3%) PCT nuclei showed three or more copies of chromosome 11.
Various orientation patterns were determined for all PCT nuclei with up to four chromo-

somes 11.

Moreover, we identified the position of the small translocation chromosome T(X;11) in
all nuclei of T38HT(X;11) and PCT. T(X;11) carrying cytoband 11E2 was most fre-
qguently observed in the intermediate region of the nucleus. There is no significant dif-

ference between the two cell types regarding the position of T(X;11) (p=0.06).

3.2 Chromosome 11 3D conformation

The 3D conformation of 90 individual chromosomes 11 from Pre B and T38Hwt lym-
phocytes was evaluated by measuring angles between the geometric centers of the
different mBAND probes in individual chromosomes using the software eADS (Kupper
et al. 2007). We determined whether chromosome 11 is preferentially straight or angu-
lated during interphase. 19% of Pre B and 15% of T38Hwt B cell chromosome 11

showed angles between 0 and 60° and were considered as angulated, whereas 47% of
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Pre B and 43% of T38Hwt B cell chromosome 11 showed angles between 121° and
180°. These data indicate that mouse chromosome 11 shows a preferentially straight

3D conformation in both cell types.

3.3 FACS Analysis

To determine whether cell cycle distribution had an impact on the chromosome 11 ori-
entation patterns, cell cycle profiles of Pre B and T38Hwt lymphocytes were measured
by FACS analysis. As the Pre B lymphocytes were kept proliferating in culture, the cells
were distributed throughout the different cell cycle phases with 45% in GO/G1, 44% in
S and 21% in G2/M. In contrast, the majority of the T38Hwt cells were found in GO/G1
(94%) with only 5% in S and 2% in G2/M. The comparison of the distinct cell cycle pro-

files indicates that cell cycle stages have no influence on nuclear orientation.

3.4 Discussion

There are several reasons why studying orientation patterns is relevant for a better un-
derstanding of nuclear architecture and its impact on epigenetics. Firstly, chromosomes
occupy specific evolutionary conserved CTs (Cremer and Cremer 2010), they are lo-
cated in nonrandom positions in the 3D nucleus. The location of chromosome territo-
ries in the 3D nucleus is dependent e.g. on the activity, respectively inactivity of genes
(Solovei et al. 2009; Dyer, Canfield, and Gartler 1989), gene-density (Kupper et al.
2007) or guanine-cytosine content (Hepperger et al. 2008). The question whether
chromosomes show a distinct orientation within the CT was never asked before. Sec-
ondly, various studies show that distinct characteristics of the nuclear organization
have an influence on e.g. transcription rate, differentiation or cell cycle (Mehta et al.
2010; Marella et al. 2009; Morey, Kress, and Bickmore 2009). Rotation of chromo-
somes is a possible mechanism of movement. Chromosomes may rotate to reach tran-
scription factories. Chromatin changes its position (Lanctot et al. 2007) or loops out
(Volpi et al. 2000) in order to be transcribed. In the examined fast-onset PCT the length
of the telomere containing cytoband 11E2 is significantly increased (Kuzyk and Mai
2012). Rotation could lead to a closer proximity between a transcription factory and the
genes of 11E2 in PCT cells. Thirdly, orientation may serve as a protection mechanism.
Heride et al. 2010 showed that chromosomes are closer to heterologs than homologs
which may avoid homologous recombination and damaging of both homologous copies
(Heride et al. 2010). We observed in approximately 45% of the studied cells that the

orientation of the chromosome 11 homologs was different. They may rotate or the ori-
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entation may be conserved in its location to protect themselves from genotoxic stress.
On the contrary rotation could lead to closer proximity of telomeres and the formation of
telomeric aggregates resulting in telomere dysfunction and genomic instability (Mai and
Garini 2006, 2005). However, the influence of orientation patterns on epigenetic modifi-

cations needs to be evaluated in further studies.
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4  Summary

4.1 English version

Analyzing orientation patterns of chromosomes in the 3D nucleus using Fluorescence
in situ hybridization (FISH) is a new approach to study nuclear architecture. Previous
studies demonstrate that chromosomes are located in nonrandom positions in the nu-
cleus, they occupy specific chromosome territories (CTs) (Cremer and Cremer 2010).
In this context it was shown that characteristics of the nuclear organization like distinct
positioning of chromosomes within the CT or mechanisms of chromatin movement
have an influence on e.g. transcription rate, differentiation or cell cycle (Mehta et al.
2010; Marella et al. 2009; Morey, Kress, and Bickmore 2009). A study of Wiener et al.
(2010) concerning numerical chromosomal aberrations of chromosome 11 in mouse
plasmacytoma (PCT), which showed that subcytoband 11E2 of chromosome 11 is du-
plicated in fast-onset mouse PCT, gave rise to the question whether the aspect of ori-
entation is significant for PCT development. Plasmacytoma is a malignant tumor deriv-
ing from lymphocytes of the B cell lineage and chromosome 11 aberrations are consid-

ered one of the most frequent chromosomal aberrations in mouse PCTs.

There are several possibilities regarding the orientation of chromosomes in the 3D nu-
cleus. Chromosomes can either point with their telomeric or their centromeric end to-
wards the nuclear periphery, respectively towards the nuclear center. Just as well they
can be located parallel to the nuclear border with no end pointing towards the periphery
or center. This is the first study to evaluate the orientation of chromosomes in the 3D
nucleus. According to the study of Wiener et al. (2010) we first examined the orienta-
tion of chromosome 11 in normal B lymphocytes and subsequently in PCT cells. The
focus of both our studies was the orientation of mouse chromosome 11 in the 3D inter-
phase nucleus of four different cell types: The first publication (“Distinct nuclear orienta-
tion patterns for mouse chromosome 11 in normal B lymphocytes”) presents the results
of the analysis of diploid mouse Pre B lymphocytes of BALB/c origin and primary B
lymphocytes of congenic [T38HXBALB/C]N wild-type mice. The results of the analysis of
B lymphocytes of [T38HXBALB/c]N mice with a reciprocal translocation between chro-
mosome X and 11 (T38HT(X;11) lymphocytes) exhibiting a long (T(11;X)) and a short

(T(X;11)) chromosome and of fast-onset PCT cells (Wiener et al. 2010) were presented
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in the second publication ((“Changes in Nuclear Orientation Patterns of Chromosome

11 during Mouse Plasmacytoma Development”).

For displaying chromosome 11 in the 3D interphase nucleus we used multicolor band-
ing (MBANDIng) (Benedek et al. 2004). The specific mouse chromosome 11 mBAND
probe hybridizes with four overlapping segments of the whole chromosome 11 painting
it in four fluorescent colors. The telomeric end is labeled in green (FITC), the centro-
meric end in magenta (Texas Red) and the segments in between in red (Gold) and cy-
an blue (DEAC). We imaged approximately 300 nuclei per cell type using an Axiolm-
ager Z2 microscope, corresponding filters for the four fluorochromes and the Axiovision
4.8 software (Carl Zeiss Inc. Canada). The orientation of all chromosome 11 homologs

was determined by visual inspection.

In the first study the most frequent orientation patterns observed in nuclei of Pre B and
T38Hwt lymphocytes were with both chromosomes 11 in parallel to the nuclear border.
The second most frequently found pattern was with one homolog located in parallel
while the other was pointing with its telomeric end towards the nuclear center and with
its centromeric end towards the periphery. There was no significant difference between
Pre B and T38Hwt lymphocytes regarding chromosome 11 orientation patterns
(p>0.05). To support these results a semi-automatic quantitative analysis was conduct-
ed.

In the second study nuclei of T38HT(X;11) lymphocytes also showed most frequently
the orientation pattern with both chromosomes 11 located in parallel to the nuclear bor-
der. In PCT cells two or more copies of chromosome 11 were found. The most fre-
guently observed orientation pattern in diploid PCT cells was with one chromosome 11
in parallel whereas the other was pointing with its centromeric end towards the nuclear
periphery, and with its telomeric end towards the center respectively. There is a signifi-
cant difference between the two studied cell types regarding chromosome 11 orienta-
tion patterns (p<0.0001). An additional analysis of the diploid cells using a fully auto-
mated program to measure the orientation of chromosomes in the 3D nucleus was
conducted (Righolt et al. 2015).

Furthermore, in the first study the conformation of chromosome 11 using the software
eADS (Kupper et al. 2007) was examined. Chromosome 11 showed a preferentially
straight not angulated configuration. In addition, a fluorescent activated cell sorting
(FACS) analysis of Pre B and T38Hwt cells was carried out. Pre B lymphocytes were

distributed throughout all cell cycle phases whereas T38Hwt lymphocytes were found
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particularly in GO/G1 phase. This indicates that chromosome 11 orientation is with a
high probability independent of cell cycle phases.

The position of the small translocation chromosome T(X;11) in the 3D nucleus was as-
sessed additionally in the second study. T(X;11) contains subcytoband 11E2 und parts
of E1. The telomeric probe of the mBAND paint labels it in green (FITC) only. We ex-
amined whether the small translocation chromosome T(X;11) is either located in a pe-
ripheral, central or intermediate position of the 3D nucleus. In both PCT and

T38HT(X;11) lymphocytes it was found most frequently in the intermediate.

In both publications we showed that there are distinct orientation patterns observed in
all studied cell types. However, determining whether changes in the orientation pat-
terns have an impact on PCT development, will have to be in the focus of further stud-

ies.

4.2 German version

Die Analyse der Orientierung von Chromosomen im 3D-Zellkern mittels Fluoreszenz-
in-situ-Hybridisierung (FISH) ist ein neuer Ansatz in der Untersuchung der Zellkernar-
chitektur. Vorherige Studien besagen, dass Chromosomen keine willktrlichen Positio-
nen im Zellkern einnehmen, sondern sich in spezifischen Territorien, chromosome terri-
tories (CTs), befinden (Cremer and Cremer 2010). In diesem Kontext konnte gezeigt
werden, dass Eigenschaften der Zellkernarchitektur wie die bestimmte Positionierung
von Chromosomen im CT oder Bewegungsmechanismen von Chromatin beispielswei-
se Transkriptionsrate, Zelldifferenzierung oder Zellzyklus beeinflussen (Mehta et al.
2010; Marella et al. 2009; Morey, Kress, and Bickmore 2009). Nachdem Wiener et al.
(2010) in einer Studie zu numerischen Chromosomenaberrationen von Chromosom 11
im Plasmozytom der Maus gezeigt haben, dass die Zytobande 11E2 im Telomer des
Chromosoms 11 im schnell wachsenden Plasmozytom der Maus verdoppelt ist, stellen
wir uns im vorliegenden Zusammenhang die Frage, ob der Faktor Orientierung eine
Bedeutung in der Tumorgenese des Plasmozytoms darstellt. Das Plasmozytom ist ein
maligner Tumor von Lymphozyten der B-Zell-Reihe und Chromosom 11 Aberrationen
stellen eine der haufigsten chromosomalen Aberrationen beim Plasmozytom der Maus

dar.

Fur die Orientierung des Chromosoms innerhalb des 3D-Zellkerns gibt es unterschied-
liche Mdoglichkeiten. Sowohl das Telomer als auch das zentromernahe Ende des
Chromosoms konnen entweder in Richtung Peripherie oder in Richtung Zentrum zei-

gen, das Chromosom kann jedoch ebenso parallel zur Zellkernoberflache liegen, so-
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dass kein Ende in Richtung Peripherie oder Zentrum zeigt. Die Orientierung von Chro-
mosomen im 3D-Zellkern wurde bislang noch nie innerhalb einer wissenschaftlichen
Studie beurteilt. Dies nachzuholen, war das Ziel unserer Untersuchungen. In Anleh-
nung an die Studie von Wiener et al. (2010) betrachteten wir hierzu zunéchst die Orien-
tierung von Chromosom 11 in normalen B-Lymphozyten und anschlie3end in Plas-
mozytomzellen. Im Zentrum beider aus unseren Untersuchungen hervorgegangenen
Studien stand die Orientierung von Chromosom 11 in der Interphase im 3D-Nukleus
von vier verschiedenen Zelltypen der Maus: Die erste Publikation (“Distinct nuclear ori-
entation patterns for mouse chromosome 11 in normal B lymphocytes”) enthalt die Er-
gebnisse der Untersuchung von diploiden Pre-B-Lymphozyten aus BALB/c Mausen
(Pre-B-Zellen) sowie aus priméren B-Lymphozyten kongener [T38HXBALB/C]N wildtyp
Mause (T38Hwt-Lymphozyten); die zweite Publikation (“Changes in Nuclear Orientati-
on Patterns of Chromosome 11 during Mouse Plasmacytoma Development”) zeigt die
Ergebnisse der Untersuchung von B-Lymphozyten aus [T38HXBALB/C]N Mausen mit
einer reziproken Translokation zwischen den Chromosomen 11 und X (T38HT(X;11)-
Lymphozyten), resultierend in einem langen (T(11;X)) und einem kurzen (T(X;11))
Chromosom, sowie von schnell wachsenden Plasmozytomzellen (PCT-Zellen) (Wiener
et al.).

Zur Darstellung der beiden homologen Chromosomen 11 im 3D-Nukleus nutzten wir
multicolor banding (MBANDing) (Benedek et al. 2004). Bei dieser Methode werden vier
sich Uberlappende Regionen des gesamten Chromosoms 11 mit je vier verschiedenen
fluoreszierenden Farben dargestellt, sodass die Telomere in grin (FITC), die zentro-
mernahen Enden in magenta (Texas Red) und die subchromosomalen Segmente da-
zwischen in rot (Gold) und cyan blau (DEAC) sichtbar werden. Pro Zelltyp nahmen wir
ca. 300 Nuklei mit einem Axiolmager Z2 Mikroskop, entsprechenden Filtern fiir die vier
Fluorochrome und der Software Axiovision 4.8 (Carl Zeiss Inc. Kanada) auf. Mittels vi-

sueller Inspektion wurde die Orientierung aller homologen Chromosomen 11 bestimmit.

Die erste Studie ergab als haufigstes Orientierungsmuster sowohl in den Nuklei der
Pre-B-Zellen als auch der T38Hwt-Lymphozyten eine parallele Lage beider Chromo-
somen 11 zur Zellkernoberflache. Als zweithaufigstes Muster in diesen beiden Grup-
pen liegt ein Homolog parallel, wahrend das Zweite mit dem Telomer in Richtung Zent-
rum und mit dem Zentromer in Richtung Peripherie zeigt. Es liel3 sich kein signifikanter
Unterschied zwischen Pre-B- und T38Hwt-Lymphozyten in Bezug auf ihre Chromosom
11-Orientierungsmuster feststellen (p>0.05). Zur Bestéatigung dieser Ergebnisse wurde

eine semi-automatische quantitative Analyse durchgeftihrt.
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Auch in der zweiten Studie war bei den T38HT(X;11)-Lymphozyten die parallele Lage
der beiden Chromosom 11-Homologen zur Zellkernoberflache das haufigste Orientie-
rungsmuster. Die Plasmozytomzellen zeigten zwei oder mehr Kopien von Chromosom
11. Die beiden Chromosomen 11 von diploiden Zellen zeigten am haufigsten eine pa-
rallele Ausrichtung sowie eine Orientierung des Zentromers in Richtung Peripherie be-
ziehungsweise des Telomers in Richtung Zellkernzentrum. Es besteht ein signifikanter
Unterschied zwischen den beiden untersuchten Zelltypen dieser Studie in Hinblick auf
ihre Orientierungsmuster (p<0.0001). Zuséatzlich wurde eine Analyse der diploiden Zel-
len mit einem vollstédndig automatischen Programm zur Messung der Orientierung von
Chromosomen im 3D-Zellkern (Righolt et al. 2015) durchgefihrt.

In der ersten Studie wurde des Weiteren die Formation von Chromosom 11 mittels der
Software eADS (Kupper et al. 2007) untersucht. Chromosom 11 zeigte sowohl in Pre-
B- als auch in T38Hwt-Zellen eine vorzugsweise gerade, nicht gewinkelte Formation.
Zudem wurde eine FACS Analyse der Pre-B- und T38Hwt-Zellen durchgefihrt. Sie
zeigte, dass sich Pre-B-Lymphozyten Uber alle Stadien des Zellzyklus verteilen und
sich T38Hwt-Lymphozyten bevorzugt in Phase GO/G1 befinden. Dies bedeutet, dass
die Orientierung von Chromosom 11 mit hoher Wahrscheinlichkeit unabhangig vom

Zellzyklus ist.

AulRerdem untersuchten wir in der zweiten Studie die Position des kleinen Translokati-
onschromosoms T(X;11) im 3D-Zellkern. Dieses enthélt die Zytobande 11E2 und Teile
von E1. Nach mBANDiIng ist es ausschlielich griin (FITC) markiert. Mittels visueller
Inspektion wurde festgelegt, ob es sich peripher, zentral oder intermediar befindet. So-
wohl in Plasmozytomzellen als auch in T38HT(X;11)-Lymphozyten fand es sich am

haufigsten intermediar.

Aus beiden Publikationen wird deutlich, dass es in allen untersuchten Zelltypen eindeu-
tige Orientierungsmuster gibt. Um festzustellen, inwieweit die Verdnderungen der Ori-
entierungsmuster wahrend der Plasmozytomentwicklung von Bedeutung sind, bedarf

es jedoch weiterer Untersuchungen.



5 My contribution 21

5 My contribution

This cumulative dissertation consists of the two publications “Distinct nuclear orienta-
tion patterns for mouse chromosome 11 in normal B lymphocytes” published in BMC
Cell Biology in June 2014 and “Changes in nuclear orientation patterns of mouse
chromosome 11 during mouse plasmacytoma development” published in Translational

Oncology in October 2015.

Prof. Sabine Mai (SMa) from the Institute of Cell Biology, University of Manitoba, Win-
nipeg, Canada designed both studies. Ann-Kristin Schmalter (AKS) conducted all major
experiments independently, discussed the results with SMa and wrote both manu-
scripts. Dr. Stefan Miiller (SMi) and Dr. Christiaan Righolt (CR) were involved in the
semi-automatic and automatic analysis. Statistical analysis was done by Mary Cheang
from the University of Manitoba. All co-authors were able to incorporate their comments

into the manuscripts.

AKS performed cell culture and cell harvest, 2D (metaphase spreads) and 3D (inter-
phase) cell fixation. Alexandra Kuzyk (AK), co-author of both papers, also needed 3D
fixed nuclei of these cell types for another study, so a couple of the 3D fixed slides
were shared. AKS conducted FISH with a chromosome 11 specific mMBAND probe to all
2D and 3D fixed cells and recorded the images.

AKS analyzed all nuclei by visual inspection, determined the orientation of mouse
chromosome 11 and the nuclear position of the small translocation chromosome
T(X;11). All tables with the results and the representative images shown in both publi-
cations were provided by AKS. 3D movies for the supplement of the first publication
(“Distinct nuclear orientation patterns for mouse chromosome 11 in normal B lympho-

cytes”) were created by CR.

AKS prepared the images for the semi-automatic analysis with the software eADS us-
ing the program Image J and evaluated the results. SMi and Dr. Michaela Neusser ex-
ecuted the software eADS, analyzed the chromosome 11 conformation and created
additional files 13-15 for the first publication (“Distinct nuclear orientation patterns for
mouse chromosome 11 in normal B lymphocytes”). The fully automatic program was
conducted by CR and AKS controlled whether every chromosome and nucleus was
detected correctly by the program. The results of the automatic analysis are discussed
in the second publication (“Changes in Nuclear Orientation Patterns of Chromosome

11 during Mouse Plasmacytoma Development”). AK performed FACS analysis.
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In conclusion, AKS carried out the main part of all experimental studies and analysis

and is first author of both publications.
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Distinct nuclear orientation patterns for mouse
chromosome 11 in normal B lymphocytes

Ann-Kristin Schmalter', Alexandra Kuzyk', Christiaan H Righolt'?, Michaela Neusser?, Ortrud K Steinlein?,

Stefan Muller”” and Sabine Mai'”

Abstract

in both B cell types.

hybridization, Multicolor banding, Chromosome territory

Background: Characterizing the nuclear orientation of chromosomes in the three-dimensional (3D) nucleus by
multicolor banding (MBANDIng) is a new approach towards understanding nuclear organization of chromosome
territories. An mBANDIng paint is composed of multiple overlapping subchromosomal probes that represent
different regions of a single chromosome. In this study, we used it for the analysis of chromosome orientation in
3D interphase nuclei. We determined whether the nuclear orientation of the two chromosome 11 homologs was
random or preferential, and if it was conserved between diploid mouse Pre B lymphocytes of BALB/c origin and
primary B lymphocytes of congenic [T38HxBALB/cIN wild-type mice. The chromosome orientation was assessed
visually and through a semi-automated quantitative analysis of the radial and angular orientation patterns observed

Results: Our data indicate that there are different preferential patterns of chromosome 11 orientation, which are
not significantly different between both mouse cell types (p > 0.05). In the most common case for both cell types,
both copies of chromosome 11 were oriented in parallel with the nuclear border. The second most common
pattern in both types of B lymphocytes was with one homolog of chromosome 11 positioned with its telomeric
end towards the nuclear center and with its centromeric end towards the periphery, while the other chromosome
11 was found parallel with the nuclear border. In addition to these two most common orientations present in
approximately 50% of nuclei from each cell type, other orientations were observed at lower frequencies.

Conclusions: We conclude that there are probabilistic, non-random orientation patterns for mouse chromosome
11 in the mouse B lymphocytes we investigated (p < 0.0001).

Keywords: Chromosome orientation, Three-dimensional nucleus, Nuclear architecture, Fluorescence in situ

Background

Chromosomes occupy specific regions in the three-
dimensional (3D) interphase nucleus, so-called chromo-
some territories (CTs) [1]. The radial arrangement of CTs
shows cell-type specific differences [1,2]. The arrange-
ment of CTs is influenced by many factors, such as
chromosome size, gene density and transcription. In lym-
phocytes, chromosomes with a high gene-density are
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located further towards the center of the nucleus whereas
chromosomes with a lower gene-density are concentrated
at the nuclear periphery [1,3-6]. Transcription is also
thought to play an important role in CT arrangement,
with transcriptionally active genes usually located on the
edge or outside of CTs and inactive genes found in the
interior [7]. Gene expression can also cause chromatin
movement in the 3D nucleus, as active genes may loop
out of their CT altogether, presumably to access a tran-
scription factory [8,9]. The correlation between the radial
distribution of CTs and factors such as gene density,
replication timing and transcription were examined by
Kiipper et al. [10]. They found that, in human cell nuclei,
gene-density has a dominant impact on the radial distri-
bution of CTs. In mouse cell nuclei other factors like

© 2014 Schmalter et al, licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain

Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,

unless otherwise stated.
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guanine-cytosine content may, however, play a more im-
portant role in determining the radial distribution [11].

The position of each CT is established early in G1 and
is maintained throughout interphase with minimal con-
strained diffusion [12]. Changes in the position of CTs
have, however, been observed during cell differentiation,
senescence and tumorigenesis. This occurs for example
during adipocyte [13] and human epidermal keratinocyte
differentiation [14]. In human fibroblasts, chromosome
positions change when a cell becomes quiescent, senes-
cent or when it re-enters the cell cycle [15,16].

In the present study, we investigated chromosome orien-
tation for the first time in the mouse 3D nucleus. We used
multicolor banding (mBANDing). A mBAND paint labels
regions of a single chromosome with different fluoro-
chromes. These different stains ensure that the centromeric
end, telomeric end and interstitial regions can be differenti-
ated from each other. In the 3D nucleus, the location of
each region, and ultimately the orientation of the whole
chromosome can, therefore, be determined. mBANDIng is
commonly used to study intrachromosomal changes in sin-
gle chromosomes [17], but can also be applied in studies of
nuclear architecture. Using mBAND probes, the degree of
condensation of human chromosome 5 was determined in
both interphase and metaphase [18], more recently the
orientation of human chromosomes in sperm nuclei were
analyzed [19]. In the latter study, the radial positions of all
24 CTs and their axial vs. non-axial as well as their linear
vs. non-linear, orientations with respect to the sperm
tail were determined, as well as the internal organization
of chromosome subregions defined by different mBAND
probes. A predominantly size-dependent radial arrange-
ment was found for entire CTs. In addition, in particular
for the smaller chromosomes, the authors also reported a
gene density correlated orientation. Taken together, their
study did not identify a preferential internal orientation of
CTs with regard to the telomeric and centromeric end.

Our aim was to determine and compare the orientation
of chromosome 11 in a diploid mouse PreB lymphocyte
cell line and in primary B lymphocytes of congenic
[T38HXBALB/c]N wild-type mice. Chromosome 11 is a
gene dense chromosome [20]. The mBAND paint labels re-
gions of chromosome 11 with four different fluorochromes.
After fluorescence in situ hybridization (FISH) on 3D pre-
served cell nuclei, the location of centromeric, telomeric
and interstitial regions and the orientation of chromosome
11 were visually determined for 300 nuclei per cell type.
We observed three main patterns of chromosome 11 orien-
tations. One arrangement involved chromosome 11 in par-
allel with the nuclear border, with neither the telomeric nor
centromeric end pointing towards the nuclear center. Alter-
natively, the telomeric or the centromeric end of chromo-
some 11 were found pointing towards the nuclear center.
Our data show that there is no significant difference
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between the frequencies of these three patterns of chromo-
some 11 orientations in both types of mouse B lymphocytes
studied.

Results

The mBANDing technique was used to study the nuclear
organization of chromosome 11 in a diploid mouse Pre B
lymphocyte line of BALB/c origin [21] and in B lympho-
cytes of congenic [T38HXBALB/c]N wild-type mice [22].
We visualized mBANDed chromosome 11 in metaphase
preparations and chromosome territory (CT) 11 in 3D nu-
clei. Over 300 nuclei of both PreB and [T38HxBALB/c]N
wild-type mouse lymphocytes were imaged using Axiovi-
sion 4.8 software (Carl Zeiss Inc. Canada). After deconvolu-
tion using a constrained iterative algorithm [23], all nuclei
were analyzed by visual inspection to determine the orien-
tation of both chromosome 11 homologs. To validate these
results, we performed a semi-quantitative analysis of the ra-
dial arrangement of individual mBAND probe distributions
on a subset of 45 nuclei per cell type using eADS software
[10]. The 3D conformation of 90 individual chromosomes
11 from each of the two cell types was determined by
measuring angles between the geometric centers of the dif-
ferent mBAND probes in individual chromosome territor-
ies. To determine whether cell cycle distribution had an
impact on the chromosome 11 orientation patterns seen,
cell cycle profiles of both B cell types were measured by
FACS analysis.

Chromosome 11 mBANDing in Pre B and T38H wt
metaphase preparations

Mouse chromosome 11 is approximately 122 Mb in size
and has a mean gene density of 18.7 genes/Mb [24]. The
mBAND probe set divides chromosome 11 into four over-
lapping segments, as illustrated in Figure 1A. The pericen-
tromeric region is labeled with Texas Red, the proximal
interstitial region in Gold, the distal interstitial region with
DEAC and the telomeric region with FITC, respectively.
Hybridization of the chromosome 11 mBAND probe to
metaphase spreads (Figure 1B) was performed to examine
copy number and structural stability of chromosome 11 in
both cell types. Twenty metaphases in three independent
FISH experiments were analyzed per cell type. We ob-
served no structural or numerical aberrations in chromo-
some 11 in the cells studied. Figure 1B represents an
example of a PreB lymphocyte metaphase, with both copies
of chromosome 11 labeled by the mBAND probe. Figure 1C
depicts the mBAND profiles of the two chromosomes from
a PreB lymphocyte metaphase. All four fluorochromes can
be clearly identified.

mBANDing of chromosome 11 in interphase nuclei
We performed FISH on 3D preserved cell preparations
from the two B cell types. With exception for the distal
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white line outlines the DAPI stained nucleus). (Scale bars are 5 pm).

Figure 1 mBAND labeling scheme, metaphase of PreB lymphocytes of BALB/c origin, mBANDed chromosomes 11 and representative
[T38HXBALB/c]N wild-type B cell interphase nucleus. A mBAND labeling scheme of mouse chromaosome 11. Chromosome 11 is divided into
four overlapping segments. Each segment was labeled with a different fluorochrome: the telomeric end in FITC (green), the centromeric end in
Texas Red (magenta), and the interstitial segments in DEAC (cyan blue) and Gold (red), respectively. B Metaphase from diploid mouse Pre B
lymphocytes of BALB/c origin after hybridization with the chromosome 11 mBAND probe. (Scale bar: 10 pm). € Two chromosome homologs
from a different Pre B lymphocyte metaphase showing (from left to right) display colors, false colors and mBAND fluorescence intensity profiles.
D Maximum intensity projections of a representative [T38HxBALB/cIN wild-type B cell interphase nucleus, frem top to bottom: xy-view (z-projection),
60° and 120° rotation around the y-axis (note: the DEAC labeled probe is not shown because of insufficient signal/noise ratio of the FISH signal. The

interstitial probe labeled with DEAC, all mBAND probes
consistently showed the identification of specific FISH
signals that were clearly distinguishable from non-
specific background. We therefore excluded the DEAC
labeled mBAND probe from all further measurements.
Image z-stacks from 307 nuclei of PreB and 303 nuclei
of [T38HxBALB/c|N wild-type mouse lymphocytes were
captured and deconvolved (Materials and Methods).
Figure 1D shows a representative chromosome 11
mBANDing image of a [T38HxBALB/c]N wild-type B
lymphocyte 3D nucleus. 3D reconstructed images and
movies representing various orientation patterns can be
viewed in Additional files 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11
and 12.

Orientation of chromosome 11 in the 3D nucleus as
examined by visual inspection

Using mBANDing, we were able to analyze the chromo-
some orientation of mouse chromosome 11 subregions
for the first time in 3D interphase nuclei. We deter-
mined the frequency of nuclear chromosome orientation
patterns by visual inspection in all captured nuclei
from PreB lymphocytes and [T38HxBALB/c]N wild-type
mice. mBAND territories were designated as parallel
(“P”) to the nuclear surface when no chromosome end
was pointing towards the nuclear center or the periph-
ery. A homolog of chromosome 11 was classified as “C”
when the centromeric region was localized closest to the
nuclear border and “T" when its telomeric end showed
the most peripheral positioning. Figure 2 provides a car-
toon illustration for the various orientation patterns ob-
served. The most frequent pattern observed was with
both copies of chromosome 11 located in parallel with
the nuclear border (“PP”) (37.3% and 31.9%, respectively)

(Table 1). There was no significant difference in the occur-
rence of this orientation pattern between both lymphocyte
types against all other patterns combined (p =0.20). The
second most common orientation observed was with one
homolog of chromosome 11 orientated with its telomeric
end pointing towards the nuclear center, while the other
chromosome 11 was parallel with the nuclear border
("PC”") (20.5% and 26.1% in PreB and [T38HxBALB/c]N
wild-type mouse lymphocytes, respectively). There was no
significant difference in the frequency of this orientation
pattern seen between both types of lymphocytes (p = 0.13)
(Table 1). One chromosome 11 pointing with its centro-
meric end to the center and the other in parallel with the
nuclear border (“PT”) was the third most common orienta-
tion we observed. The occurrence of this orientation
pattern did not differ significantly in both types of lympho-
cytes (p = 0.05) with a frequency of 16.3% of the PreB nuclei
and of 10.4% of the [T38HxBALB/c]N wild-type lympho-
cyte nuclei (Table 1). In 10.7% of PreB and 5.8% of
[T38HxBALB/c]N wild-type lymphocyte nuclei, both cop-
ies of chromosome 11 were orientated with their centro-
meric ends to the nuclear center (“I'T”) (Table 1).
Furthermore, in 9.1% in PreB and 7.3% [T38HxBALB/c]N
wild-type lymphocyte nuclei one chromosome 11 pointed
towards the nuclear center with its telomeric end and the
other points towards the center with its centromeric end
(“CT”) (Table 1). The scenario that both chromosomes 11
were orientated with their telomeric ends to the nuclear
center (“CC”) was observed in 6.1% of the PreB and 18.5%
of the [T38HxBALB/c]N wild-type mouse lymphocyte nu-
clei (Table 1).

By visual inspection we observed three main patterns
of chromosome 11 orientation in the 3D interphase nu-
cleus: (1) both homologs of chromosome 11 in parallel
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Figure 2 Cartoon illustration of different possibilities of chromosome 11 orientation pairs in the nucleus. The representative chromosome is
composed of four differently colored segments; green segments represent telomeric ends, magenta segments centromeric ends, proximal and distal
(not measured) interstitial segments are shown in cyan blue and red, respectively. The nucleus is illustrated in blue; the black circles divide the nucleus
into central, intermediate and peripheral regions (PP = both homologs parallel to the nuclear periphery, PC/PT = one homolog is located in par. to the
periphery, while the other is oriented with its centromeric (red)/telomeric (green) end towards the nuclear periphery, TT = both homologs poin their
telomeric (green) ends towards the periphery, CT = one homolog with its centromeric ( end and the other homolog with its telomeric (green) end
pointing towards the nuclear periphery, CC = both hom s point with their centromeric (red) ends towards the nuclear periphery, ). PP, PC and PT in
the first row of Figure 2 are observed most frequently.

to the nuclear border (“PP”); (2) one copy of chromo-
some 11 in parallel to the border and the other copy
pointing with its telomeric end towards the nuclear cen-
ter (“PC”); (3) one copy of chromosome 11 in parallel to
the border and the other copy pointing with its centro-
meric end towards the center (“PT”). Table 1 shows the
frequencies of the different orientation patterns in the

two cell types and 2x2 chi square p-values demonstrat-
ing the significant difference of each pattern with respect
to all other orientation patterns combined. There was no
significant difference in the occurrence of the orientation
patterns observed between both B cell types (p > 0.05),
with the exception of two minor patterns of orienta-
tion: when both copies of chromosome 11 pointed with

Table 1 Frequencies of orientation patterns of chromosome 11

PreB [%] [T38Hx BALB/cIN Chi-Square
wt [%] [p-value]

Both homologs in parallel to the nuclear border (PP) 373 319 0.20
One homolog points with its centromere to the nuclear periphery, the other is parallel 20.5 26.1 0.13
to the nuclear border (PC)
One copy points with its telomere to the nuclear periphery, the other is parallel to the 16.3 104 0.05
nuclear border (PT)
Both homologs point with their telomeric end to the nuclear periphery (TT) 10.7 58 0.04
One copy points with its telomeric end, and the other copy with centromeric end, 9.1 7.3 045
to nuclear periphery (CT)
Both copies point with their centromeric ends to the nuclear periphery (CC) 6.1 185 <0.0001

Orientation patterns of chromosome 11 and the frequency of orientation in Pre B lymphocytes of BALB/c origin and in B cells of congenic [T38HxBALB/cIN

wild-type mice analyzed by visual inspection. A 2x2 Chi-Square test with p-value of >0.05 indicates that the frequency of the orientation is not significantly
different between the two cell types. Each pattern was tested between the two cell types against all other patterns combined and the expected values were based
on the marginal totals. There is a significant difference in the percentage of cells that display these major 2x3 orientation patterns between the two cell types

(p <0.0001). (P = parallel, C = centromere points to periphery, T =telomere points to periphery).
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their centromeric (“TT”) (p = 0.04) or telomeric (“CC”)
(p < 0.0001) ends towards the nuclear center (Table 1).

A 2x3 contingency analysis of just the three major
orientation patterns indicated that there was a signifi-
cant difference in the distribution of the three patterns
between the two cell type (p < 0.001).

Semi-automated quantitative analysis of mBAND 11
orientation in mouse lymphocytes

To validate the above results, we analyzed nuclear orien-
tation patterns of individual chromosomes 11 for a sub-
set of 45 nuclei per cell type with the semi-automated
software package eADS [9]. The mean radial arrange-
ment of telomeric, interstitial and centromeric mBAND
regions was determined in these 45 nuclei from both B
cell types. We measured the 3D FISH signal distance to
the nuclear surface in nm using eADS software [10], and
then transformed these values to relative values (%) by
normalizing it to the nuclear radius. Additional files 13,
14, 15 and Additional file 16: Table S1 show the results
of the semi-automated software assisted analysis: The
data indicate that this semi-quantitative analysis identi-
fies, similar to the visual inspection, three most frequent
orientation patterns for mouse chromosome 11.

When comparing the individual results of the quanti-
tative analysis to the analysis by visual inspection of all
45 image per cell type we found, however, that only 30/
45 (67%) nuclei of [T38HxBALB/c]N wild-type mouse
lymphocyte and 28/45 (62%) nuclei of Pre B lympho-
cytes showed concordant results with both methods.

3D conformation of mouse chromosome 11

We evaluated the 3D conformation of chromosome 11 in
the two lymphocyte cell types using the software eADS [9].
We measured the angles between the geometric centers of
centromeric, interstitial and telomeric mBAND territories
using the interstitial segment as apex. Analysis of each 90
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PreB and [T38HxBALB/c|N wild-type chromosomes using
DistAngle software allowed us to determine whether the
chromosome territory is preferentially straight or angulated
during interphase. Mean measured angles in PreB cells
(107°) were very similar compared to [T38HxBALB/c]N
wildtype B cells (106°) and showed no statistically signifi-
cant differences (p = 0.99). In both cell types we observed a
broad distribution of measured angles (Figure 3A and 3B).
19% of PreB and 15% of [T38HXBALB/c]N wild-type B cell
CT11 showed angles between 0 and 60° and were con-
sidered as rather angulated. 47% of PreB and 43% of
[T38HXBALB/c]N wild-type B cell CT11 showed angles be-
tween 121° and 180° and indicate a trend towards a straight
configuration (Figure 3A and B).

We also calculated the angle difference between hom-
ologous CT11 in individual nuclei. Again, we observed a
broad distribution of measured angle differences in both
B cell types ranging from 4°-136° (Figure 3C). Mean
angle differences between homologs in PreB cells (51°)
were slightly larger compared to [T38HxBALB/c]N wild-
type B cells (43°), but no statistically significant differ-
ences were observed (p = 0.88).

Cell cycle profiles

To investigate whether cell cycle stages impact on the
nuclear orientation and orientation patterns of mouse
chromosome 11, we carried out fluorescent activated cell
sorter (FACS) analysis of cell cycle profiles. The DNA pro-
file of the PreB lymphocytes of BALB/c origin is shown in
Figure 4A and the DNA profile of the [T38HxBALB/c|N
wild-type mouse B cells is shown in Figure 4B. As the PreB
lymphocytes were kept proliferating in culture, the
cells are distributed throughout the different cell cycle
phases with 45.08% in G0/G1, 44.18% in S and 21.80%
in G2/M (Figure 4A). Contrastingly, the vast majority
of the primary B cells are found in GO/G1 (94.76%)
with only 5.22% in S and 2.38% in G2/M (Figure 4B).
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Figure 3 3D conformation analysis of chromosome 11 mBAND territories in Pre B lymphocyte nuclei and in B cell nuclei of congenic
[T38HXBALB/c]N wild-type mice using measured angles between geometric centers of centromeric, interstitial (apex) and telomeric
chromosome band territories in individual chromosomes A Distribution of measured angles in each 90 PreB and [T38HxBALB/cIN
wild-type B individual chromosomes 11. B Bar diagram showing the percentage of angulated chromosomes with telomeric band territories
in close proximity to centremeric regions (0-60° = chromosome 11 territory angulated), intermediate (61-120° and straight chromosomes
(121-180° = chromaosome 11 territory straight) in the two cell lines. € Distribution of calculated angle differences between homologous CT
pairs as a measure for the similarity of the 3D conformation of the two chromosomes 11 CT in individual nuclei.
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Figure 4 Cell cycle profiles determined by FACS analysis. The
graphs illustrate the cell count in the different phases of the cell
cycle, which correlates to the propidium iodide intensity. A The cell
cycle profile of PreB lymphocytes of BALB/c origin. 45.08% of cells
are found in GO/G1, 44.18% in S and 21.80% in G2/M. B The cell
cycle profile of primary B cells from [T38HxBALB/c] wild-type mice.
94.76% of cells are found in GO/G1, 5.22% in s and 2.38% in G2/M.

The comparison of the distinct cell cycle profiles ob-
served for the [T38HxBALB/c]N wild-type mouse B
cells and PreB cells indicates that the chromosome 11
orientation is independent of cell cycle profiles in the
two B cell types examined in our study.

Discussion

We used mBANDing for the first time to study chromo-
some orientation in the mouse 3D B cell nucleus. This
technique has mostly been used previously to detect
intrachromosomal rearrangements such as inversions,
translocations and deletions in metaphase spreads [17].
One previous study used mBANDing to examine the
spatial arrangements and the 3D configuration of CT in
human sperm nuclei, demonstrating that mBANDing
is an excellent technique to determine the 3D nuclear
orientation of chromosomes [19]. Two alternative ap-
proaches were recently described, which could also be ap-
plied for a 3D topology analysis of mouse chromosomes,
or could even be combined with the mouse mBAND
probe set to further enhance the subregional resolution of
the FISH banding probe set. One first approach used evo-
lutionary rearranged chromosomes as subchromosomal
probes for 3D-FISH [25], the second pooled BAC probes
for predefined genomic regions or interest [26].

Using a mouse mBAND 11 probe set, we first deter-
mined chromosome 11 orientation by visual inspection.
We then conducted a semi-automated quantitative ana-
lysis using the software eADS [9]. Both methods agreed
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on the identification and frequency of three different
orientation patterns but did not coincide for each nu-
cleus measured.

This result points to differences in the interpretation
of mBAND data by the user (visual inspection) and by
the user performing semi-automated analysis that in-
cludes the manual segmentation of the regions of inter-
est. During this procedure, some pixels might have been
discarded or identified as artifacts when cutting out the
bands separately in different channels with no overview
of the whole chromosome. It was not possible to distin-
guish low grey levels from each other or background
pixels with value 0, which may lead to mistakes in the
manual segmentation. The pixels of the bands were
measured with respect to the nucleus stained in DAPL If
DAPI staining was weaker in some cells than in others,
then the subsequent identification of the positions of the
band pixels are measured inaccurately. Due to the lack
of a fully automated program, these current measurements
are only indicative of varied chromosome orientation pat-
terns in the cells examined, but no absolute measure of
chromosome band positioning. We are currently working
towards a fully automated program.

The PreB cells were kept proliferating in culture, while
the majority (94.76%) of the primary B cells were directly
isolated from the mice (kept under specific pathogen
free (SPF) conditions) and are in GO/G1 of the cell cycle;
this was confirmed through FACS cell cycle analysis
(Figure 4. In cycling PreB cells no correlation was found
between cell cycle stage and radial orientation of mBAND
CT. We have not determined the cell cycle stage of the in-
dividual nuclei, e.g. by BrdU, so we can only state “no differ-
ence between cycling and quiescent cells” The influences of
differentiation and gene density on the nuclear architecture
and on the radial orientation of gene dense telomeric chro-
matin appear to be a more likely cause for the observed dif-
ferences between the two cell types. Gene density can be
ruled out as cause for differences because it is the same in
both cell types. This leaves differentiation as cause, which is
linked to transcription.

Transcription may influence chromosome position.
Regions of chromatin have been shown to change pos-
ition in the nucleus with activation and increased levels
of transcription [8,27,28]. Transcription factories can
also alter the arrangement of chromatin as genes may
loop out of their territory to be transcribed [29] or mul-
tiple genes will meet to be co-transcribed in a single
transcription factory [30]. The access to transcription
factories , therefore, may be relevant for the orientation
of chromosomes in the nucleus. A possible rotation of a
chromosome in the nucleus may be an alternate way in
which active regions can access the transcription ma-
chinery. For example, chromosome rotation could occur
around the centromeric or telomeric end. This would
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allow genes that lay close to rotation axis to remain in a
stable position whereas those further away will undergo
a positional change. Alternatively, or in addition to rota-
tion, a chromosome territory may adopt different large-
scale folding patterns in order to reach this goal, which
may result in straight or angulated 3D conformations.
Additionally, the active state of chromatin with regards
to methylation, acetylation and other post-translational
histone modifications, may not only alter chromatin con-
densation but also orientation. To test for the effects of
transcription on chromosome orientation was beyond the
scope of this study.

In approximately 45% of the nuclei examined, it was
observed that the two homologs of chromosome 11 did
not have the same orientation. This may be an innate
protection mechanism of the cell. It has been shown by
Heride et al. [31] that chromosomes are non-randomly
closer to a heterologue than a homologue. This led them
to propose that it may be evolutionarily important to
position chromosomes in this way to avoid homologous
recombination and to avoid damaging both copies of a
chromosome by a single genotoxic stress event. The
same argument may explain why two copies of a
chromosome may adopt different orientations in the
nucleus.

In this study we examined, for the first time, chromo-
some orientation in the murine 3D nucleus using mBAND-
ing. We found that the orientation of chromosome 11 in
PreB lymphocytes of BALB/c origin and primary B cells of
congenic [T38HxBALB/c]N wild-type mice varies between
distinct patterns of orientation. Gene density has been
thought to be the primary factor influencing lymphocyte
CT arrangement. We find, however, that it is not sufficient
to determine the orientation of mouse chromosome 11 in
B cells. Because gene-density is stable, it cannot account for
differences in the three major patterns of chromosome 11
orientation we observed. Although we did not find orienta-
tion pattern and gene-density to be linked for chromosome
11 in both B-cell models, this may not hold true for all
mouse chromosomes and cell types and should be assessed
for other chromosomes and non B lineage cell types. At
present, our findings allow us to conclude that chromo-
somes may display distinct orientations in the interphase
nucleus of diploid mouse B cells during some stages of dif-
ferentiation, but the underlying mechanisms require further
investigation.

Conclusion

We analyzed for the first time the orientation of mouse
chromosome 11 with respect to the telomeric and centro-
meric ends of chromosomes in the 3D interphase nucleus.
Distinct orientation patterns of CT 11 in PreB lympho-
cytes of BALB/c origin and primary B cells of congenic
[T38HxBALB/c]N wild-type mice were observed. The
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most frequent pattern was with both homologs posi-
tioned in parallel to the nuclear border in both types of
B lymphocytes. Alternatively the telomeric or centro-
meric end was found pointing towards the nuclear
periphery or center. Overall, chromosome orientation
appears to be a non-random feature of the genome in
interphase nuclei.

Methods
Cell harvest and cell culture
Mouse PreB lymphocytes of BALB/c origin [21] were
cultured in RPMI 1640 media supplemented with 10%
heat-inactivated fetal bovine serum (FBS), 1% penicillin-
streptomycin, 1% L-Glutamine, 1% sodium pyruvate and
0.1% B-mercaptoethanol (Invitrogen/Gibco, Burlington,
ON, Canada). Cells were incubated at 37°C.

Primary B cells were harvested from spleens of three 6 to
8 weeks old congenic [T38HXBALB/c]N wild-type mice
[22]. Procedures were conducted according to Animal
Protocol 11-019, approved by Central Animal Care Ser-
vices, University of Manitoba (Winnipeg, MB, Canada).

2D and 3D fixation
2D chromosome fixation was conducted as described by
Mai and Wiener [32]. Primary B cells and PreB lympho-
cytes were centrifuged for 10 minutes at 1000 rpm. The
pellet was resuspended in 0.075 M KCI for 30 minutes.
Next the cells underwent centrifugation for 10 minutes
at 1000 rpm and then a drop fixation with 3:1 methanol
to acetic acid. After resuspension of the pellet, cells were
dropped onto slides.

3D nuclei fixation was conducted as described by
Solovei et al. [33]. Primary B cells and PreB lymphocytes
were centrifuged for 10 minutes at 1000 rpm. After re-
suspension of the pellet, cells were applied to slides. One
hour later, the slides were washed in 1 x phosphate-
buffered saline (PBS), 0.3xPBS and then incubated in
freshly prepared 3.7% formaldehyde. Next the slides
were washed in 0.05% Triton-X-100/1xPBS, followed by
a wash in 0.5% Triton-X-100/1xPBS. The slides were
then incubated in 20% Glycerol/1xPBS, for at least an
hour, and subsequently underwent repeated freeze/thaw
cycles in liquid nitrogen. Afterwards, the slides were
washed in 0.05% Triton-X-100/1xPBS, followed by incu-
bation in 0.1 M HCI. After washing the slides in 2x sa-
line sodium citrate buffer (SSC) they were kept at least
one hour in 50% formamide/2xSSC at 4°C.

Fluorescence-activated cell sorting (FACS) analysis

FACS analysis was conducted as described by Caporali
et al. [34]. Briefly, PreB lymphocytes BALB/c origin and
primary B cells of [T38HxBALB/c]N wild-type mice
were fixed in 70% cold ethanol and incubated at 4°C
overnight. The following day, the pellet was washed



6 Publication |

30

Schmialter et al. BMC Cell Biology 2014, 15:22
http//www.biomedcentral.com/1471-2121/15/22

twice with 1% FBS in 1xPBS after centrifugation at
1200 rpm for ten minutes. The final pellet was resus-
pended in 1xPBS and stained with propidium iodide
(1 pg/mL) (Sigma Aldrich, Oakville, ON, Canada). Flow
cytometry was used to analyze the cell cycle profiles
using a FACSCalibur (Becton Dickinson, Mississauga,
ON, Canada).

Multicolor banding

The mBANDing probe for mouse chromosome 11 was
previously described by Benedek et al. [35] and was pur-
chased from Metasystems (Altussheim, Germany) for
the present experiments. The pericentromeric region is
labeled with Texas Red, the proximal interstitial region
in Gold, the distal interstitial region in DEAC and the
telomeric region with FITC, respectively. First, slides
were equilibrated in 2xSSC, followed by an RNAase A
treatment (100 pg/ml) in 2xSSC for one hour at 37°C,
and then incubation in freshly prepared 0.01 M HCI
with 100 pg/ml pepsin for two minutes. After washing
the slides in 1xPBS, they were pretreated in 1% formal-
dehyde in 1xPBS/50 mM MgCIl2, followed by a wash in
1xPBS. For denaturation, the slides were incubated in
0.1xSSC, and then transferred into 2xSSC at 70°C for
30 minutes. After the solution was cooled down to 37°C,
the slides were transferred to 0.1xSSC and then dena-
tured in 0.07 M NaOH at room temperature for one mi-
nute. Before dehydration in ethanol (30%, 50%, 70% and
90%), the slides were placed in 0.1xSSC and then 2xSSC
at 4°C. Next, the mBANDing probe was applied as
recommended, sealed to the slide with rubber cement
and incubated for two days at 37°C. Post-hybridization
washes included 1xSSC at 75°C and in 4xSSC/0.05%
Tween20. The chromatin was counterstained with 4'6™-dia-
midino-2-phenylindole (DAPI) and mounted with ProLong
Gold antifade (Invitrogen/Gibco, Burlington, ON, Canada).

Image acquisition

Two-dimensional image acquisition was performed using
an Axioplan 2 microscope (Carl Zeiss Ltd., Toronto, ON,
Canada) with a 63x/1.4 oil objective lens (Carl Zeiss Ltd.,
Toronto, ON, Canada) and the ISIS-FISH imaging system
5.0 SR 3 (Metasystems Group Inc. Boston, MA, USA). A
DAPI filter was used to visualize the chromosomal counter-
stain. To detect the four regions of chromosome 11 that
were labeled with different fluorochromes (DEAC, FITC,
Gold and TexasRed, respectively), appropriate narrow band
pass filters were used (Chroma Technologies). The region
pseudo-colored in green was detected by a SP-101 fluores-
cein isothiocyanate (FITC) filter (Excitation CWL/Band-
width: 471 nm/39 nm, Emission CWL/Bandwidth: 522 nm/
40 nm, Chroma Series No.: SP100), the region pseudo-
colored in cyan by a 31036v2 7-diethylaminocoumarin-3-
carboxylic acid (DEAC) filter (Excitation CWL/Bandwidth:
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436 nm/20 nm, Emission CWL/Bandwidth: 480 nm/
30 nm, Chroma Series No.: 31000 Series), the region
pseudo-colored in red by a 11006v3 Gold filter (Excita-
tion CWL/Bandwidth: 350 nm/50 nm, Emission CWL/
Bandwidth: 515 nm/nm, Chroma Series No.: 11000
Series) and the region pseudo-colored in magenta by a
41004 Texas Red® filter (Excitation CWL/Bandwidth:
560 nm/55 nm, Emission CWL/Bandwidth: 645 nm/
75 nm, Chroma Series No.: 41000 Series).

For the 3D image acquisition, an Axiolmager Z2 micro-
scope (Carl Zeiss Inc. Canada) equipped with the same fil-
ter sets as for 2D image acquisition and an AxioCam MRm
(Carl Zeiss Inc, Canada) was used, combined with Axiovi-
sion 4.8 software (Carl Zeiss Inc. Canada). To reconstruct a
3D image, z-stacks of 80 slices, with 200 nm axial distance
and 102 nm x/y pixel size were acquired. Deconvolution
was performed with a constrained iterative algorithm [23]
using Axiovision 4.8 software (Carl Zeiss Inc. Canada). The
chromosome orientation was determined by visual inspec-
tion based on the mBAND FISH pattern.

Quantitative semi-automated analysis

Quantitative measurements of mean radial mBAND
probe distributions with respect to the nuclear border
were performed using the software eADS, a 3D distance
measurement tool described in detail by Kipper et al.
[10]. In short, the pixels are manually classified as being
band or not and being nucleus or not. The Euclidean
distance between the nuclear surface and each bands
pixel is then measured from these images. For the probe
distributions each pixel in each band is used, for the de-
termination of the orientation only the smallest distance
for each band is used. The orientation was determined
by the difference in radial position of the telomeric and
centromeric band. When the difference was smaller than N
percentpoints it was called parallel. The software DistAngle
[36] was employed to measure 3D angles between geomet-
ric centers of different mBAND probes from individual
chromosomes.

Statistical analysis
The different orientations of chromosome 11 were com-
pared to each other and compared between the different
types of lymphocytes using all of the following tests:
Chi-Square, Likelihood Ratio Chi-Square, Continuity Adj
Chi-Square and Mantel Haenszel Chi-Square analysis.
The p-values of test results shown here for the compari-
son of different orientations are the Chi-Square values.
All other tests yielded similar results (data not shown).
The Mann-Whitney rank sum test was used to deter-
mine statistically significant differences in the median ra-
dial arrangement of mBAND FISH signals. A p-value
<0.05 was considered significant.
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Additional files

Additional file 1: 3D movie of a [T38HxBALB/c]N wild type B cell
nucleus with the orientation pattern “CP".

Additional file 2: 3D movie illustrating a Pre B nucleus with the
orientation pattern “PP".

Additional file 3: 3D view of a Pre B nucleus with the orientation
pattern “CT”. One chromosome 11 is oriented with its centromeric end
(red) towards the nuclear center, whereas the other chromosome 11 is
oriented with its telomeric end (green) towards the center,

Additional file 4: 3D movie illustrating a Pre B nucleus with the
orientation pattern “TP".

Additional file 5: 3D view of a Pre B nucleus with the orientation
pattern “PP”, Both copies of chromosome 11 are located in parallel
to the nuclear periphery.

Additional file 6: 3D movie illustrating a Pre B nucleus with the
orientation pattern “TT".

Additional file 7: 3D view of a Pre B nucleus with the orientation
pattern “TP”. One chromosome 11 is oriented with its centromeric end
(red) towards the nuclear center and with its telomeric end (green)
towards the periphery, the other chromosome is located in parallel to
the nuclear periphery.

Additional file 8: 3D movie illustrating a Pre B nucleus with the
orientation pattern “CC".

Additional file 9: 3D view of a Pre B nucleus with the orientation
pattern “TT". Both copies of chromosome 11 are pointing with their
centromeric ends (red) towards the nuclear center, whereas their
telomeric ends (green) are pointing towards the periphery.

Additional file 10: 3D view of a [T38HxBALB/c]N wild type B cell
nucleus with the orientation pattern “CP". One chromosome 11 is
located in parallel to the nuclear periphery, the other is oriented with its
telomeric end (green) towards the center.

Additional file 11: 3D movie of a [T38HxBALB/c]N wild type B cell
nucleus with the orientation pattern “CP”.

Additional file 12: 3D view of a [T38HxBALB/c]N wild type B cell
nucleus with the orientation pattern “CC". Both copies of
chromosome 11 are pointing with their telomeric ends (green) towards
the nuclear center.

Additional file 13: Mean radial distribution of the centromeric,
interstitial and telomeric mBAND FISH signals in A PreB and B
T38wt cell nuclei. The 3D FISH signal distance to the nuclear

surface was measured nm using eADS software (Kipper et al, 2007)

(n = number of nuclei, nm = nanometer). A In PreB cells the mean radial
position of the telomeric segment was at 2016 nm and 42% relative
distance from the nuclear surface, the interstitial segment at 2178 nm
(46%) and the centromeric segment at 2151 nm (45%). B In T38wt cells
mean absolute and relative probe distances to nuclear surface were 1906
nm (56%) for the telomeric region, 1617 nm (47%) for the interstitial and
1522 nm (44%) for the centromeric region. A small percentage of nuclei
shows band signals beyond the nuclear border. This is probably due to
weak nuclear DAPI stain measured by the software eADS (see Discussion)

Additional file 14: Normalized (% distance to nuclear surface)
radial centromeric, interstitial and telomeric mBAND probe
distributions in individual chromosomes from each 45 A PreB and B
[T38HXBALB/c]N wild-type B cell nuclei using eADS software. The 3D
FISH signal distance to the nuclear surface in nm was transformed to
relative values (%) by normalization using the nuclear radius as reference.
Each colored dot represents the radial position of the geometric center
from an individual chromosome 11. The two chromasome 11 homologs
from each nucleus are shown side by side. Nuclei with a similar radial
orientation of the two homologs are depicted in clusters separated by
bold vertical lines. mBAND territories were designated as parallel ("P") to
the nuclear surface when each of the measured relative radial distances
between centromeric, telomeric and interstitial chromosome segments
was less than 15% of the nuclear radius. This equals to approximately a
400-500 nm radial distance depending on the size of the respective
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nucleus. We chose a 15% cut-off level because this is approximately twice
the distance between consecutive image z-sections of 200 nm. Consequently,
in chromoseme 11 territories where at least one of the measured relative
distances between mBAND territories would exceed 15% the CT was assigned
an orientation with either the telomeric or the interstitial or the centromeric
end pointing towards the nuclear periphery or center. (P = parallel, C = centro-
mere points to periphery, | = interstitial is most peripheric, T = telomere points
10 periphery).

Additional file 15: Relative radial orientation of 45 homologous
chromosome 11 mBAND CT pairs from each 45 PreB and
[T38HxBALB/c]N wildtype B cell interphase nuclei. Frequencies (%)
of homologous CT pairs showing different combinations of radial
orientations. (P = parallel, C = centromere points to periphery, | = interstitial
is most peripheric, T = telomere paints to periphery).

Additional file 16: Table S1. Results of semi-automated quantitative
analysis using the software eADS. Frequencies of relative orientation
patterns of homologous chromesomes in individual nuclei. (P=parallel,
C=centromere points to periphery, I=interstitial is most peripheric,
T=telomere points to periphery).
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Abstract

Studying changes in nuclear architecture is a unique approach toward the understanding of nuclear remodeling
during tumor development. One aspect of nuclear architecture is the crientation of chromosomes in the three-
dimensional nuclear space. We studied mouse chromosome 11 in lymphocytes of [T38HxBALB/c]N mice with a
reciprocal translocation between chromosome X and 11 (T38HT(X;11)) exhibiting a long chromosome T(11;X) and
a short chromosome T(X;11) and in fast-onset plasmacytomas (PCTs) induced in the same strain. We determined
the three-dimensional orientation of chromosome 11 using a mouse chromosome 11 specific multicolor banding
probe. We also examined the nuclear position of the small translocation chromosome T(X;11) which contains
cytoband 11E2 and parts of E1. Chromosomes can point either with their centromeric or with their telomeric end
toward the nuclear center or periphery, or their position is found in parallel to the nuclear border. In T38HT(X;11)
nuclei, the most frequently observed orientation pattern was with both chromosomes 11 in parallel to the nuclear
border ("PP”). PCT cells showed nuclei with two or more copies of chromosome 11. In PCTs, the most frequent
orientation pattern was with one chromosome in parallel and the other pointing with its centromeric end toward
the nuclear periphery ("CP"). There is a significant difference between the orientation patterns observed in
T38HT(X;11) and in PCT nuclei (P < .0001).

Translational Oncology (2015) 8, 417-423

Introduction

are made quiescent due to a removal of serum from the culture
Chromosomes are organized in evolutionary conserved chromosome

medium. This repositioning is probably dependent on nuclear myosin

territories [1]. Their nonrandom three-dimensional (3D) positions
were previously described [2], e.g., the localization of the active and
inactive chromosome X and their respective genes [3,4]. Euchromatin
of rod photoreceptor cells in nocturnal mammals is found in the
periphery, whereas it is found in the center in diurnal mammals [5].
Not only chromosome territories are in the focus of research but also
the localization of telomeric regions [6,7].

Tumor development is greatly influenced by genomic instability
[8], and telomere dysfunction plays an important role in genomic
instability [9]. Therefore, it is essential to study nuclear architecture in
normal and tumor cells. Movement of telomeric regions during the
cell cycle was observed in living ECV-TRF1 and -TRF2 cells [10] and
in human osteosarcoma U20S cells [11]. Chromosomes of primary
human fibroblasts alter their positions within 15 minutes after they

1P [12]. Further changes of chromosome positions can be found during
adipocyte differentiation [13] or T-cell differentiation [14].

Telomere ln:ng[hc:ning is a method to prevent genomic instabilicy
of rapidly dividing cells [15]. This can occur due to telomerase [16] or
due to cycles of homologous recombination during the process of
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Figure 1. Graphical illustration of the chromosomal constitution of
chromosomes 11 in the (BALB/c x T38H) F1 N backcross
generation mouse. Chromosome (Chr) 11 with the breakpoint
T38H in the telomeric cytoband 11E1 (brown), while the breakpoint
in Chr X is located in the centromeric A2 band. The cytoband 11 E2
is colored in red. The reciprocally translocted T(11;X) chromosome
resulted from the fusion of the ABCD bands of Chr 11 proximal to
the T38H breakpoint with the centromeric A2 band of Chr X. The
T(X;11) chromosome was generated by the translocation of the
X-derived A2 sub-band onto the 11E1 cytoband of Chr 11. This
figure has been published in Genes Cancer. 2010;1(8):847-858
[19] and is reprinted here with permission.

alternative telomere lengthening [17]. In fast-onset plasmacytomas
(PCTs), the telomere length is significantly increased for the
translocation chromosome T(X;11) carrying 11E2 [18].

In the current study, we used a [T38HxBALB/cIN congenic
mouse model with a reciprocal translocation between chromosomes X
and 11 (repT(X;11). This unique mouse model exhibits a long
chromosome T(11;X) and a short chromosome T(X;11). The short
chromosome T(X;11) contains cytoband 11E2 and parts of cytoband
El (Figure 1) [19]. To determine the chromosome orientation in
cancer cells and in the same cell lineage, we studied mouse PCT
induced in this unique mouse model. There are slow- and
fast-developing PCTs. Slow-onset PCTs are induced only by pristane
(2,6,10,14-tetramethylpentadecane) [20]; fast-onser PCTs are in-
duced by pristane and v-abl/myc [19,21]. In the current study, we
focused on the fast-onset PCTs. These exhibit a nonrandom
duplication of chromosome 11, cytoband 11E2, associated with the
overexpression of genes within 11E2 [19]. Cytoband 11E2 is syntenic
to human chromosome 17925 and rat 10932 [22]. It is frequently altered
in tumors of lymphoid and nonlymphoid origin [23-25]. The mean
latency of fast-onset PCTs is only 45 days [19,21]. We compared these
fast-onset PCT cells with control B lymphocytes of [T38HxBALB/c]N
mice with the repT(X;11) translocation (T38HT(X;11)).

Our aim was to determine the orientation of chromosome 11 in
PCTs and lymphocytes of [T38HxBALB/c|N repT(X;11) mice. Ina
previous study, we determined the orientation of chromosome 11 in
3D nuclei of PreB lymphocytes of BALB/c origin and of
[T38HxBALB/c]N wild-type mice without the repT(X;11) translo-
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cation [26] and found a distinct difference between the frequency of
the observed orientation patterns in both cell types. Both normal
lymphocyte types studied showed a preference in chromosome 11
orientation, where both chromosomes 11 were observed in parallel to the
nuclear border [26]. In the current study, we investigated potential changes
in the orientation that occur during the process of PCT development.

Originally, multicolor banding (mBANDing) was developed to
detect intrachromosomal changes in metaphases [27]. In our previous
study, we used mBANDing for the first time in 3D interphase nuclei
to determine the orienration of chromosome 11. Chromosome 11 is
labeled by four overlapping fluorochromes (Texas Red, GOLD,
DEAC, and FITC). This enabled us to analyze whether the
centromeric or the telomeric end was orientated toward the nuclear
center or periphery. Only one other group used mBANDing on
interphase nuclei before. They studied the grade of condensation of
human chromosome 5 [28].

We analyzed the orientation patterns of chromosome 11 in PCT
cells and [T38HxBALB/c|N rcpT(X;11) lymphocytes. There was a
significant difference noted with respect to their chromosome 11
orientation (P < .0001). The nuclear position of the small
translocation T(X;11) was also studied visually. It was most
frequently found in the intermediate region of the nucleus. There
was no significant change in position of T(X;11) detected between the
two cell types (2 = .006).

Material and Methods

Cell Harvest

Pfilnal"v lyn‘lphocytes were hﬂr\’cstﬁd fr(]m Spleﬁns Of 6‘ to
8-week-old congenic [T38HxBALB/c|N repT(X;11) mice [19].
PCT cells were harvested from the ascites of fast-onset PCT mice.
The [T38HxBALB/c]N rcpT(X;11) mice were pretreated with
pristane intraperitoneally and after 5 days infected with a v-ablfmyc
virus also administered intraperitoneally. The mean latency of
fast-onser PCTs is 45 days [19,21]. Procedures were performed in
accordance to Animal Protocol 11-019 approved by Central Animal
Care Services, University of Manitoba (Winnipeg, MB, Canada).

3D Nuclear Hybridizations

For 3D nuclei fixation, lymphocytes were centrifuged at 1000 rpm
for 10 minutes. After resuspension of the pellet, cells were carefully
placed onto slides and fixed with 3.7% formaldehyde/1 x PBS for 20
minutes at room temperature. Next, the slides underwent washing
steps in 1x PBS shaking, Subsequently, the slides were washed in
0.5% Triton-X-100 for 10 minutes. The slides were incubated for 1
to 2 hours in 20% glycerol and were then subjected to four
freeze-thaw cycles in liquid nitrogen afterward. Next, the slides were
washed 3x in 1 x PBS and then incubated in fresh 0.1 M HCl for 5
minutes. After washing the slides in 1 x PBS, they were placed for at
least 1 hour in 70% formamide/2x SSC.

Multicolor Banding

The mBANDing pmbc for mouse chromosome 11 (Metasystems,
Altussheim, Germany) was developed by Benedek et al. (2004) [29].
The slides were t:quilibratcd in 2x SSC, treated with RNAase A
(100 pg/ml) in 2x SSC at 37°C for 1 hour, and then incubated in
freshly prepared 0.01 M HCI with 100 pg/ml pepsin for 2 minutes.
After washing the slides in 1x PBS, thcy were prctrcan:d in 1%
furmaldchydc in 1x PBS/50 mM MgClz, followed by washing in1x
PBS. Next, the slides were incubated in 0.1x SSC and then
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Figure 2. mBAND labeling scheme of mouse chromosome 11.
Mouse chromosome 11 is divided into four overlapping segments.
The telomeric end is labeled with FITC (green), the centromeric end
with Texas Red (magenta), and the intermediate bands with DEAC
(cyan blue) and Gold (red). Note cytoband 11E2 at the telomeric
end. This figure has been published in BMC Cell Biology 2014,
16:22 http://dx.doi.org/10.1186/1471-2121-15-22 [26] and is rep-
rinted here with permission.

transferred into 2x SSC at 70°C for 30 minutes for denaturation.
After cooling the solution to 37°C, the slides were transferred to 0.1 x
SSC and then subjected to 0.07 M NaOH at room temperature for 1
minute. Afterward, the slides were placed in 0.1 x SSC and then 2x
SSC at 4°C followed by dehydration in ethanol (30%, 50%, 70%,
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and 90%). Next, the mBANDing probe was applied. The slides were
sealed with rubber cement and incubated for 2 days at 37°C.
After hybridization, the slides were washed in 1x SSC at 75°C and in
4x §8C/0.05% Tween20. The cells were counterstained with
4'6’-diamidino-2-phenylindole and mounted with ProLong Gold
antifade (Invitrogen/Gibco, Burlington, ON, Canada).

Image Acquisition

For the two-dimensional image acquisition, an Axioplan 2
microscope (Carl Zeiss Ltd., Toronto, ON, Canada) with a 63x/
1.4 oil objective lens (Carl Zeiss Ltd., Toronto, ON, Canada) and the
ISIS-FISH imaging system 5.0 SR 3 (Metasystems Group Inc.,
Boston, MA) were used. The chromosomal counterstain was
visualized with the help of a 4°6’-diamidino-2-phenylindole filter.
To detect the four regions of chromosome 11 that were labeled with
different fluorochromes (DEAC, FITC, Gold, and Texas Red),
narrow band-pass filters were used (Chroma Technologies) as
described by our group previously.

3D image acquisition was conducted using an Axiolmager 72
microscope (Carl Zeiss Inc. Canada) equipped with the same filters
and an AxioCam MRm (Carl Zeiss Inc. Canada), combined with the
Axiovision Release 4.8 software (Carl Zeiss Inc. Canada). Z-stacks of
80 slices, with 200-nm axial distance and 102-nm lateral pixel size,
were acquired to reconstruct a 31 image. Using Axiovision Release
4.8 software (Carl Zeiss Inc. Canada), deconvolution was conducted
with the constrained iterative algorithm (Schaefer et al., 2001).

Image Analysis

The results presented in this paper were analyzed by visual
inspection. The chromosome 11 mBAND probe is composed of four
different fluorochromes labcliug four different ovcrlapping regions of

Table 1. Orientation Patterns of Chromosome 11 and Their Frequency in Diploid Cells of Congenic [T38HxBALB/c]N Mice Showing T(X;11) and in PCTs

T38H Diploid Triploid Tewaploid All
TX:11] PCTs PCTs PCTs PCTs
Both homologs in parallel to the nuclear border (PI) 90 24 24
One copy points with relomeric end to the nuclear center; the ather copy is in parallel (PT) 35 19 19
Both hemologs point with their telomeric end to the nuclear periphery (TT) 8 7 7
One copy points with its relomeric end and the other copy with its centromeric end to the nuclear periphery (CT) 15 7 7
Both copies point with their centromeric ends to the nuclear periphery (CC) 48 13 13
One homolog points with its centromere to the nuclear periphery; the other is parallel to the nuclear border (CP) 61 30 30
ccc 1 1
ccr 8 8
cree 12 12
CPT 19 19
CcCcT 9 9
cTT 2 2
TIT 2 2
PTT 7 7
PPT 15 15
per 17 17
ccee 1 1
ceree 4 4
CPPP 4 4
prPPP 5 5
crrrT 3 3
CPTT 3 3
carT 3 3
PPTT 3 3
PPPT 5 5
PTTT 1 1

The table shows the orientation partterns observed in the diploid T38HT(X;11) cells and in PCTs with two, three, or four copies of chromosome 11. The last column lists the orientation patterns in all PCT
cells together (C = centromere points to periphery, T = telomere points to periphery, P = chromosome is parallel to nuclear periphery).
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Figure 3. 3D images of diploid PCT and T38HT(X;11) nuclei analyzed by the automatic program (C = centromere (magenta) points to
periphery, T = telomere (green) points to periphery). The acquired nuclei, respectively, the same nuclei demonstrated with false colors
after segmentation, are displayed in the xy-axis (at the top) and in the xz-axis (at the bottom). (A) PCT nucleus showing the orientation “CC."”
(B) PCT nucleus with the orientation pattern “CT." (C) PCT nucleus showing the orientation pattern “TT.” (D) T38HT(X; 11) nucleus showing
the orientation “CC.” (E) T38HT(X;11) nucleus with the orientation pattern “CT.” (F) T38HT(X;11) nucleus showing the orientation

pattern “TT.”

the whole chromosome 11. The telomeric end is labeled with FITC
(green), the centromeric end with Texas Red (magenta), and the
intermediate bands with DEAC (cyan blue) and Gold (red) (Figure 2).
DEAC was not always detectable. The mBAND paint made it
possible for the visual observer to determine the orientation of
chromosome 11. To analyze the position of the small translocation
chromosome T(X;11) labeled only with FITC (green), we divided the
nucleus visually into three regions: periphery, intermediate, and center.

In addition, we used novel automated software to confirm our
visual results [30]. In short, the nucleus was segmented first with an
isodata threshold after some smoothing and out-of-focus blur
subtraction. The chromosome bands were then segmented after the
recorded images were blurred based on the band sizes. These bands
were then linked together to chromosome territories based on a utility
function determined by overlap and distance between the segmented
bands. The orientation of each CT was then determined by
calculating the eigenvectors of the inertia tensor; the orientation is
indicated by the more outlying band. Consequently, the chromosome
is pointing either with its telomeric end or with its centromeric end
toward the nuclear periphery. Because an exact measurement is
performed, no parallel orientation category is needed anymore.

The automatic analysis was only performed for the diploid cells.
Automation of chromosome orientation by this program was not
implemented for tri- and tetraploid cells. Therefore, we present the

results assessed by visual inspection. Over 300 nuclei per cell type
were acquired, and we were able to determine the orientation pattern
in 224 PCT and 257 T38HT(X;11) nuclei.

Statistical Analysis

The visually assessed orientation patterns were analyzed by
chi-square, likelihood ratio chi-square, and Mantel-Haenszel chi-
square tests. The nuclear positions of T(X;11) were compared by the
same tests. They all led to the same result; only chi-square is shown in
the paper.

The automatically measured orientation distributions were
compared to each other with two-sample, two-sided Kolmogorov-
Smirnov test. The two cell types that display each of the observed
orientation patterns were compared using chi-square, likelihood ratio
chi-square and Mantel-Haenszel chi-square tests. They yielded the
same results.

Results

In this study, we analyzed chromosome 11 orientation patterns in
lymphocytes of PCTs and of [T38HxBALB/c]N rcpT(X;11) mice.
We performed mBANDing and analysis on more than 300 nuclei of
each cell type. The mouse chromosome 11 mBAND probe labels four
overlapping segments with four fluorescing colors. The telomeric end
is labeled with FITC Green, the centromeric end with Texas Red, and
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Figure 4. Representative 3D images of PCT and T38HT(X;11) nuclei with more than two copies of chromosome 11 and one image with
T(X;11) present. The scale of the x- and y-axis is in [u]. The telomeric end is labeled with FITC Green, the centromeric end with Texas Red,
and the regions in between with Gold (orange) and DEAC (aqua blue). DEAC was not always detectable (C = centromere (magenta) points
to periphery, T = telomere (green) points to periphery, P = chromosome is parallel to nuclear periphery). (A) PCT nucleus showing the
orientation pattern “CPT." (B) PCT nucleus with the orientation pattern “CCT."” (C) PCT nucleus with orientation pattern “CTT.” (D) PCT
nucleus with the orientation pattern “CCPP.” (E) PCT nucleus showing the orientation pattern “TTT.” (F) T38HT(X;11) nucleus with the
orientation pattern "TT" and the small translocation chromosome T(X;11) in the center.

the regions in between with Gold and DEAC (Figure 2). The
segment labeled with DEAC was not always detectable. The
mBANDed nuclei were imaged using Axiovision 4.8 Software (Carl
Zeiss Inc. Canada) and deconvolved with a constrained iterative
algurirhm [31]. By visual inspection, we ;m;l]y'f.t:d the orientation of
chromosome 11 of the respective cell types and subsequently
determined orientation patterns. Nuclei of T38HT(X;11) lympho-
(_'_\,'tfﬁ L'Onb"l\_\f(‘nt]_\’ Shu\\"ﬁ‘(l a (Iipl()id ('hl'f_!n'l(_!,\'()n'lt‘ ('Lm_\ti[u[f(jn\
whereas nuclei of PCTs either were diploid or showed an increase
in chromosome 11 copy numbers. Moreover, we identified the
pmition of the small translocation chromosome T(X;11) in all nuclei
of T38HT(X;11) and PCT.

By visual inspection, we observed three different orientations in
nuclei of T38HT(X;11) and PCTs: 1) chromosome 11 points with its

telomeric end to the nuclear periphery and with its centromeric end
to the nuclear center (“T”); 2) it points with its centromeric end to the
nuclear periphery and with its telomeric end to the center (“C”); and
3) chromosome 11 is in parallel to the nuclear border (“P7).
(,‘.Umbining the observed orientations of all chromosomes in one
nucleus, we determined an orientation pactern. All observed
orientation patterns are shown in Table 1. The most frequently
observed orientation pattern in T38HT(X;11) was with both
chromosomes located in parallel to the nuclear border (“PP”)
(35.0%). In all PCTs, “PP” was only observed in 10.7% (< .01).
The orientation pattern “CP” with one homolog pointing with its
centromeric end toward the nuclear periphery and the other homolog
being in parallel was found most f]'cqucntly in PCTs (13.4% of all
PCTs) and in 23.7% of T3SHT(X;11) (P = .83). Both chromosomes
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Table 2. Nuclear Position of the Small Translocation Chromosome T(X;11) in Cells of Congenic

[T38HxBALB/c|N Mice Showing T(X;11) and in Diploid, Triploid, and Tetraploid PCTs

Nuclear Position T38H T[X;11] All PCTs Chi-Square
Periphery 14 (15.7%) 12 (17.1%) .81
Intermediate 55 (61.8%) 52 (74.3%) .10
Central 20 (22.5%) 6 (8.6%) 02

The nuclear positions of T(X;11) were compared by chi-square analysis. There is no significant
difference between the two cell types regarding the nuclear position of T(X;11) (P = .06). A
chi-square value of /= .05 indicates that the frequency of the T(X;11) position is similar berween
the two cell types.

pointing with their centromeric ends toward the periphery (“CC”)
was observed in 18.7% of T38HT(X;11) and in 8.5% of all PCTs
(£ =.0001). The third most common orientation pattern in PCTs is
“PT,” with one homolog in parallc] and the other pointing with its
telomeric end to the periphery (8.5%). This orientation pattern was
found in 13.6% of T38HT(X;11) (P<.01). Representative images of
diploid PCT and T38HT(X;11) nuclei analyzed visually and
automatically are illustrated in Figure 3.

Ninety-two of 224 (41.1%) PCT nuclei showed three copies of
chromosome 11 (Table 1). The orientation pattern “CPT,” with one
copy pointing with its telomeric end and another copy with its
centromeric end toward the nuclear periphery and one copy located
in parallel, was also observed in 8.5% of all PCTs. The second most
frequently orientation pattern in PCTs with three copies of
chromosome 11 is “PPP,” with all homologs located in parallel (7.6%).

Twenty-three of 224 (10.3%) PCT nuclei showed four copies of
chromosome 11 (Table 1). Images of PCT nuclei with more than two
copies of chromosome 11 can be seen in Figure 4.

When comparing T38HT(X;11) nuclei to all PCT nuclei with
respect to their orientation patterns, a significant difference was noted
(P < .0001). Regarding only diploid cells of PCTs and
T38HT(X;11), there was no significant difference (P = .10).
However, comparing diploid PCTs to PCTs with three or four copies
of chromosome 11, a significant difference was noted (< .0001).

For unknown reasons, the small translocation chromosome
T(11) carrying cytoband 11E2 was only detected in 31.3% of all
224 mBANDed PCT nuclei and in 34.6% of the 257 mBANDed
T38HT(X;11) nuclei. The most frequently observed position was in
the intermediate region of the nucleus (61.8% of T38HT(X;11) and
74.3% of PCTs, respectively; P = .10) (Table 2). There is no
signiﬁcam difference between the two cell types n:gardiug the
position of T(X;11) (P = .0612). An image showing T(X;11) is

demonstrated in Figure 4.

Discussion

We used mBANDing to determine the orientation of chromosome
11 in PCTs and lymphocytes of [T38HxBALB/cIN repT(X;11)
mice, and we defined orientation patterns. In diploid nuclei of PCTs
and T38HT(X;11), we found six distinct orientation patterns
(Table 1). Most frequently observed was the orientation pattern
“PP” (both chromosomes 11 in parallel to the nuclear border) in
35.0% of T38HT(X;11) and “CP” (one chromosome 11 is pointing
with its centromeric end toward the nuclear periphery, whereas the
other homolog is in parallel) in 13.4% of all PCTs. With respect to
diploid nuclei of PCTs and diploid nuclei of T38H T[X;11] studied
in this paper, we did not find a significant difference in the frequency
of orientation patterns (P = .10). Analyzing PCT nuclei with three or

four copies of chromosome 11, we found various orientation patterns
(Table 1), e.g., the orientation pattern “CPT” (one homolog is
pointing with its centromeric end and another with its telomeric end
toward the nuclear center, and a third is in parallel) in 8.5% of all
PCTs. When comparing PCT nuclei with three or four chromosome
11 copies to diploid PCT nuclei, a significant difference was noted
(P < .0001). Furthermore, when comparing T38HT(X;11) to all
PCT nuclei, we identified different orientation patterns (P < .0001).

The small translocation chromosome T(X;11) was analyzed visually
and found in the intermediate region of the nucleus in 74.3% of the
PCTs and in 61.8% of T38HT[X;11] (P =.10) (Table 2).

In our previous paper, we presented nonrandom orientation
patterns for chromosome 11 in 3D nuclei of PreB lymphocytes of
BALB/c origin and of [T38HxBALB/c]N wild-type mice [26]. There
was a distinct difference between the frequency of the observed
orientation patterns, and this was found in both cell types. The
orientation pattern most frequently observed was with both
chromosomes 11 in parallel to the nuclear periphery (“PP”). The
second most common pattern was with one homolog in parallel and
the other homolog pointed with its centromeric end toward the
nuclear periphery (*CP”).

The focus of the current study is the 3D nuclear orientation of
chromosome 11 in mouse PCTs. We investigated changes in the
nuclear orientation during the process of PCT development.

Nuclear architecture is important for nuclear function [5,9]. It is
known that telomere dysfunction leads to genomic instability and
therefore to tumorigenesis. Key factors of telomere dysfunction are
the shortening of telomeres, breakage-bridge-fusion cycles, and the
formation of telomeric aggregates (TAs) [32-34]. A wigger for TA
formarion is c-Myc deregulation [35]. Louis et al. (2005) described
not only that c-Myc deregulation leads to TA formation resulting in
breakage-bridge-fusion cycles but also that changes of nuclear
positions lead to closer proximity of telomeres, resulting in
chromosomal rearrangements [35]. Changes in chromosome orien-
tation may also lead to closer proximity of telomeres and could
therefore be linked to telomere aggregation.

Rotation is a way of movement and a possible way to change
nuclear positions. The mechanisms of a possible rotation are currently
unknown. One may hypothesize that chromosomes rotate to access
transcription factories. The transcription of genes within the telomeric
end 11E2 might be enhanced due to telomeric orientation toward the
nuclear center. Future studies will elucidate these questions.

In conclusion, we found distinct 3D orientation patterns of mouse
chromosome 11 in diploid lymphocytes of [T38HxBALB/c]N
repT(X;11) mice and of PCTs. How and whether the changes of the
orientation patterns in PCT nuclei with three or four chromosomes 11
impact on tumor progression will be the focus of future studies.
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