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Dynamic chromosomal rearrangements in Hodgkin’s lymphoma are due to
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ABSTRACT

Background

Hodgkin’s lymphoma is characterized by the presence of mono-nucleated Hodgkin cells and
bi- to multi-nucleated Reed-Sternberg cells. We have recently shown telomere dysfunction and
aberrant synchronous/asynchronous cell divisions during the transition of Hodgkin cells to
Reed-Sternberg cells.'

Design and Methods

To determine whether overall changes in nuclear architecture affect genomic instability during
the transition of Hodgkin cells to Reed-Sternberg cells, we investigated the nuclear organization
of chromosomes in these cells.

Results

Three-dimensional fluorescent in situ hybridization revealed irregular nuclear positioning of
individual chromosomes in Hodgkin cells and, more so, in Reed-Sternberg cells. We character-
ized an increasingly unequal distribution of chromosomes as mono-nucleated cells became
multi-nucleated cells, some of which also contained chromosome-poor ‘ghost’ cell nuclei.
Measurements of nuclear chromosome positions suggested chromosome overlaps in both
types of cells. Spectral karyotyping then revealed both aneuploidy and complex chromosomal
rearrangements: multiple breakage-bridge-fusion cycles were at the origin of the multiple
rearranged chromosomes. This conclusion was challenged by super resolution three-dimen-
sional structured illumination imaging of Hodgkin and Reed-Sternberg nuclei. Three-dimen-
sional super resolution microscopy data documented inter-nuclear DNA bridges in multi-nucle-
ated cells but not in mono-nucleated cells. These bridges consisted of chromatids and chromo-
somes shared by two Reed-Sternberg nuclei. The complexity of chromosomal rearrangements
increased as Hodgkin cells developed into multi-nucleated cells, thus indicating tumor progres-
sion and evolution in Hodgkin’s [ymphoma, with Reed-Sternberg cells representing the highest
complexity in chromosomal rearrangements in this disease.

Conclusions

This is the first study to demonstrate nuclear remodeling and associated genomic instability
leading to the generation of Reed-Sternberg cells of Hodgkin’s lymphoma. We defined nuclear
remodeling as a key feature of Hodgkin’s lymphoma, highlighting the relevance of nuclear
architecture in cancer.
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Introduction

Hodgkin’s lymphoma is a malignant post-germinal cen-
ter derived B-cell lymphoma characterized by the pres-
ence of mononuclear Hodgkin cells (H cells) and diagnos-
tic bi- to multi-nuclear Reed-Sternberg cells (RS cells).? In
40-50% of cases, H and RS cells express the Epstein-Barr
virus encoded oncoprotein LMP1 or its deletion variants.**
As a particularity, circulating small clonotypic precursors
are very rare or undetectable,” and H and RS cells make up
less than 5% of the total cellular mass within the affected
lymph nodes, which are composed mainly of reactive T
cells.® In approximately 85% of patients chemotherapy
and autologous bone marrow transplantation result in
long-lasting remissions or cure but about 15% of patients
still succumb to multiple relapses or have primary resist-
ant disease.”

Genomic instability is a hallmark of tumor cells.®
Different pathways lead to such instability, but, in the
context of HL, telomere dysfunction is a prime mecha-
nism leading to the transition of H to RS cells."”" As first
shown by Miiller" and McClintock,”** chromosomal end-
to-end fusions create dicentric chromosomes that form
anaphase bridges and break upon completion of a cell divi-
sion cycle. After completion of cell division, both daughter
cells remain with two ‘broken’ chromosome ends that
represent a double-strand break. In such a breakage-
bridge-fusion (BBF) cycle, one daughter cell inherits a ter-
minal deletion and the other one an unbalanced transloca-
tion. Such chromosomes are highly reactive, i.e. available
for rearrangements, including new fusions with additional
chromosome ends. Therefore, after one BBF event, both
daughter cells are at the origin of divergent clonal evolu-
tion and will continue to develop different genetic aberra-
tions when their broken ends fuse with new chromosome
partners.”® This difference in rearrangements is at the ori-
gin of chromosomal evolution seen in many complex
tumors that exhibit dynamic BBF cycles, such as osteosar-
coma, and prostate, breast and colon cancer.'**!

Aberrations in centrosome duplication cycles leading to
centrosome amplification have been observed in many
different cancers”” and are another characteristic feature
of RS cells."***

Thus due to the combination of telomere dysfunction,
centrosome amplification and defective spindle formation,
RS cells are expected to gain increasingly complex kary-
otypes with respect to their chromosome numbers,
rearrangements and nuclear distribution among individual
sub-nuclei of the multi-nucleated RS cell. The current
study was, therefore, initiated to investigate the dynamics
and mechanisms of chromosomal evolution in Hodgkin’s
lymphoma. Special emphasis was given to the transition
of the H to the RS cell. Super resolution microscopy (3D-
SIM) was used for the first time to aid the interpretation of
mechanisms leading to karyotype evolution in RS cells.

Design and Methods

Cell cultures

L-428, 1-1236, and HDLM-2 cell lines, whose origins
were described by Knecht et al.,' were grown in RPMI-1640
medium containing 20% fetal bovine serum, 1% L-gluta-
mine, and 1% penicillin-streptomycin (all reagents were
purchased from Invitrogen/Gibco, Burlington, ON,
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Canada). Cells were incubated at 37°C with 5% CO: for 4
days (1-2 mL of fresh medium was added every second
day) until confluent.

Metaphase and interphase fixation

Metaphase chromosomes and 3D nuclei for interphase
analysis were prepared as previously described.” Three
independent experiments were carried out for all three cell
lines.

Fluorescent in situ hybridization of metaphases and
interphases

Whole chromosome paints (Applied Spectral Imaging,
Vista, CA, USA) were used to identify chromosome 9 (cya-
nine 3) and chromosome 22 (flourescein isothiocyanate).
Metaphases were dropped onto the slides. Interphase
nuclei were maintained using a three-dimensional (3D) fix-
ation protocol” and then gently placed onto slides so as not
to disrupt the cell structure. Fluorescent in situ hybridiza-
tion (FISH) was carried out as described elsewhere.”

Twenty metaphases for each of the cell lines were
imaged and 30 multi- and 30 mono-nucleated interphases
cells were captured. For each interphase cell, a z-stack of
120 slices was obtained, each at a sampling distance of xy:
102 nm and z: 200nm. Axiovision 4.5 software (Carl Zeiss,
Toronto, ON, Canada) and a constrained iterative algo-
rithm were used for deconvolution.”” ChromoAnalyze
software (see, quantitative analysis of chromosomal over-
laps) was used to determine the presence of translocations
in the interphases cells. The metaphases were scored visu-
ally for abnormalities. All FISH experiments were repeated
three times. All results were analyzed statistically.

Quantitative analysis of chromosomal overlaps

In order to detect translocations in both multi-nucleated
and mono-nucleated cells, an in-house software tool
named ChromoAnalyze, was developed for semi-automat-
ed quantitative image analysis. The software was devel-
oped using Matlab (The MathWorks, Natick, MA, USA)
and employs the DIPLib image processing toolbox (Delft,
The Netherlands, hitp://www.diplib.org/). Labeled chromo-
somes and the nuclear boundary are segmented from their
respective fluorescent channels using an iterative intensity
thresholding algorithm.*” Chromosome channel signals
outside the segmented nuclear volume are attributed to
non-specific signals and thus excluded from analysis.
Overlapping chromosome regions are obtained from the
logical intersection of the segmented binary images from
the fluorescein isothiocyanate- and cyanine 3-labeled chro-
mosome signals.

To facilitate semi-automated analysis by a trained user,
an interface that allowed full volumetric rotation and
zooming was developed to visualize semi-transparent sur-
face renderings of the two chromosome channels (Online
Supplementary Figure S1A) and the resulting segmented
overlap images in three-dimensions (Online Supplementary
Figure S1B). Resolution limitations in the imaging system
may result in the appearance of “false overlaps”, which
may lead to: (i) erroneous detection of a translocation
when chromosome regions are simply in close proximity;
or (ii) misclassification of two spatially-adjacent transloca-
tions as a single larger translocation. To correct for the first
case, a training set of ten representative nuclei were used to
calibrate a parameter that defined the smallest overlapping
region corresponding to a translocation. This parameter (=
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5% overlap) was applied in subsequent measurements to
exclude small overlaps that were not likely to represent
translocations (Online Supplementary Figure S1C). For the
second case, the interface allowed the user to visually iden-
tify and separate two spatially-adjacent translocations that
were detected as a single translocation.

Spectral karyotyping

Spectral karyotyping (SKY) was performed using the
SKY kit for human chromosomes (Applied Spectral
Imaging, Vista, CA, USA) and following the manufacturer’s
protocol. Slides were imaged using an Axioplan 2 micro-
scope with a 63x/1.4 oil objective (Carl Zeiss, Inc. Canada)
and analyzed using Case Data Manager 4.0 software
(Applied Spectral Imaging, Vista, CA, USA). Twenty
metaphases were imaged and analyzed for all cell lines.
Rearrangements were scored and statistically analyzed.

Peptide nuclei acid fluorescence in situ hybridization

Peptide nucleic acid (cyanine 3) FISH was performed on
metaphases as described previously.” The slides were
imaged on an Axioplan 2 microscope with a 63x/1.4 oil
objective, using the Axiovision 4.6 software (Carl Zeiss,
Inc. Canada). We randomly choose 20 metaphases to
image for each cell line. Metaphases were scored by eye
and analyzed statistically for aberrations.

Super resolution microscopy

Three-dimensional telomere quantitative FISH (3D-Q-
FISH) was performed as described previously.' Super reso-
lution microscopy (3D-SIM) image acquisition was per-
formed using an Axio Observer Z1 and a Plan-Apochromat
objective 63x/1.4 (both Carl Zeiss, Thornwood, NY, USA)
and exposure times of 100 ms (cyanine 3) and 200 ms (4',6-

| Aedffeictor

diamidino-2-phenylindole). ~ For  4',6-diamidino-2-
phenylindole, we used band pass filters of 420-480nm,
while for cyanine 3, we used 570 - 640 nm, and 405 nm
and 561 nm lasers for excitation. The software is a beta
version of ZEN 2010 (Carl Zeiss, Thornwood, NY, USA).
Sampling sizes were x,y: 40 nm and z: 125 nm.

Statistics

Experimental results from FISH, SKY and 3D-Q-FISH
were analyzed with Fisher’s exact test to determine signif-
icant differences between various findings among the data
sets. A P value of less than 0.05 was considered statistically
significant.”

Results

Nuclear chromosome organization in Hodgkin
and Reed-Sternberg cells

Our previous work on Hodgkin’s lymphoma led to the
following questions: (i) is there a significant difference in
the nuclear organization of chromosomes in H and RS
cells, and (ii) can we follow the mechanisms and dynamics
of chromosomal rearrangements during the transition of H
to RS cells¢ To investigate these questions, we first carried
out 3D FISH of 3D-preserved nuclei derived from H and RS
cells. Using chromosome painting for chromosomes 9 (red)
and 22 (green), we first studied the nuclear positions of
these two chromosomes in primary human lymphocytes
and in cells from patients with chronic myeloid leukemia
(Figure 1A-C). As reported by others,” our analyses con-
firmed that these two chromosomes are in close vicinity in
normal lymphocytes (Figure 1A). In contrast, they show

Figure 1. Two-dimensional (2D) and three-
dimensional (3D) visualization of chromo-
some positions in patients with lymphocytes
of a healthy donor and of a chronic myeloid
leukemia. Chromosome 9 is labeled in green,
and chromosome 22 is labeled in red. Nuclei
are stained in blue (4’,6-diamidino-2-
phenylindole; DAPI). Each 2D image is shown
with and without DAPI, 3D images are shown
without DAPI. Note that chromosomes 9 and
22 are neighbors in healthy individuals, while
they are juxtaposed due to the reciprocal
translocation between chromosomes 9 and
22 in patients with chronic myeloid
leukemia. For details, see text, and for the
karyotype of chronic myeloid leukemia, see
Online Supplementary Figure S2.
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overlaps indicative of the t(9;22), characteristic of chronic
myeloid leukemia (Figure 1B,C, Online Supplementary Figure
S2). Next, we investigated the positions of these same
chromosomes in H and RS cells of Hodgkin’s lymphoma.
We chose three common Hodgkin cell lines, HDLM-2, L-
1236 and L-428, for our analysis. We have previously
shown that these lines reflect the 3D telomeric organiza-
tion found in Hodgkin tissues and show similar centro-
some and spindle aberrations as observed in primary
patients’ tissues.'

Figure 2A illustrates the distribution of chromosomes 9
and 22 and derivate material in two representative H cell
nuclei of HDLM-2 cells. The distribution of chromosome
22 (green) and 9 (red) is different in the two nuclei, with
two major territories of chromosome 22 seen in the right
nucleus and one cluster in the left. Chromosome 9 is found
in several locations adjacent to and separate from the chro-
mosome 22 territories. Separate color channel representa-
tions of these data are shown in Online Supplementary Figure
S3. In contrast to H cells, RS cells exhibit greater differ-
ences in chromosome 9 and 22 numbers and show the
unequal distributions of these very same chromosomes
throughout each of the multi-nuclear sub-nuclei. Figure 2B
illustrates these findings for a representative tri-nucleated
RS cell, in which the top left nucleus contains the over-
whelming content of chromosomal material, while the
nuclei to the bottom left and right are poor in chromosome
9 and 22 contents.

Similar analyses were performed in L-1236 and L-428
cells. Figure 3 shows a comparison of representative nuclei
of H and RS cells of L-1236. Measurements of chromoso-
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mal overlaps observed in 30 nuclei of H and RS cell in each
of the Hodgkin cell lines, indicated significant increases in
the number of overlaps in RS cells compared to H cells of
HDLM-2 (P=0.030) (Figure 4) and a trend towards an
increase in overlaps from H to RS cells in L-428, but not in
L-1236 (Online Supplementary Figure S3AB, P=0.11 and
P=0.34, respectively).

We conclude that: (i) chromosomes 9 and 22 are not
observed in their regular territories in Hodgkin cells irre-
spective of their mono- or multi-nucleated nature; (ii) the
spatial distribution and number of these two chromo-
somes is different from nucleus to nucleus; (iii) some nuclei
of RS cells are chromosome-poor containing no or very lit-
tle chromosome 9 or 22 material; (iv) such nuclei can be
considered ‘ghost’ cell nuclei;'” and (v) the number of over-
laps between the two chromosomes seen in interphase
nuclei may vary between H and RS cells.

Rearranged chromosomes 9 and 22 in Hodgkin cells

To better understand the above findings in interphase
nuclei of H and RS cells, we examined the impact of spatial
disruption of chromosome 9 and 22 on genome (in)stabili-
ty in metaphase spreads from the above Hodgkin cells. A
minimum of 20 metaphases was analyzed in three inde-
pendent experiments from HDLM-2, L-1236 and L-428.
Chromosomal rearrangements involving chromosomes 9
and 22, alone or in combination, were seen in all three
lines.

In the HDLM-2 line (Table 1), 47/62 metaphases (75.8%)
displayed one copy of chromosome 9, and 55/62 (88.7 %)
of metaphases had two copies of chromosome 22. Forty-

Figure 2. Interphase chro-
mosome  positions  of

mono-nucleated H cells of
HDLM-2. (A) Chromosome
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painting highlights chromo-
somes 9 (red) and 22
(green) in two representa-
tive mono-nucleated H
cells. Left image: 2D repre-
sentation of the H nuclei,
right image: 3D representa-
tion of these H nuclei. For
clarity, the DAPI channel
has been removed in this
image. (B) Interphase chro-
mosome positions of tri-
nucleated RS cell of HDLM-
2. Chromosome painting
was carried out with chro-
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seven of 62 (75.8%) metaphases had two translocated
copies of chromosome 9, but none of chromosome 22.
However all 62 metaphases (100%) had five or more frag-
ments of chromosome 22. Every metaphase also exhibited
a chromosome containing translocated pieces of both chro-
mosomes 9 and 22, and, out of those, 43 metaphases
(69.3%) displayed at least two copies of these transloca-
tions. As shown in Figure 5A-C (arrows), we identified a
very characteristic chromosome that was seen in all 62
metaphases with at least one copy, containing fragments of
both chromosome 9 and 22, in a ‘zebra’-stripe like pattern.
Since this appearance is typical of a chromosome that has
undergone repeated BBF cycles, we called it the 9.22 break-
age-bridge-fusion chromosome (9.22 BBFC).

L-428 (Table 1) contained 23/62 metaphases (37 %) with
two copies and 29/62 metaphases (46.8%) with three
copies of chromosome 9. Forty of the metaphases (64.5%)
contained two copies of a translocated chromosome 9.
Thirty-two of the metaphases (51.6%) displayed three
copies of chromosome 22. Both chromosome 9 and 22
translocated with a third chromosome in all but two
metaphases representing 96.8% of the cases, and 40 of
those contained two copies of these two-way translocation
chromosomes (66.6%). Unlike the chromosome 9 translo-
cations recorded, chromosome 22 showed multiple frag-
ments, and was translocated to various chromosomes.
Insertions of chromosomes 9 and 22 were also noted.
Online Supplementary Figure S5 illustrates one representative
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Figure 3. Interphase chromosome positions of H and RS cells of L-
1236. (A) 3D image of the nuclear distribution of chromosomes 9
(red) and 22 (green) in a representative H cell of L-1236. (B) 3D
nuclear distribution of chromosomes 9 and 22 in a RS cell of L-1236.
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example of chromosomes 9 and 22 in L-428.

L-1236 (Table 1) contained 39/62 metaphases (62.9%)
with two copies of chromosome 9, and 42 metaphases
(67.7%) with one copy of chromosome 22. There were 34
metaphases (54.8%) with one copy of a chromosome 9
translocation, while chromosome 22 was involved in
translocations in 29/62 metaphases (46.8%). Like L-428
(Table 1 and Omnline Supplementary Figure S6), L-1236 also
showed the presence of fragments derived from chromo-

CDF of the number of overlaps

J_'.-'_'

508} ]
206} ]
é RS cells
é m—H cells
% 04} 1
E
g 02r 1
3
0 1 i I
0 5 10 15 20 25

Number of overlaps

Figure 4. Cumulative distribution functions of the number of over-
laps for chromosomes 9 and 22. The curves illustrate the distribu-
tion of chromosomes 9 and 22 for HDLM-2 (P=0.03). The P values
are obtained by the Kolmogorov-Smirnov test applied to the data
shown in the figures. The red line illustrates the overlaps of chromo-
somes 9 and 22 in RS cells, while the blue line show this compari-
son for H cells. Thirty nuclei were measured each for H and RS cells.

Figure 5. Metaphase spreads illustrate multiple rearrangements
involving chromosomes 9 and 22. Chromosome painting with chro-
mosomes 9 (red) and green (22) in HDLM-2. (a) Hybridization sig-
nals detected with chromosome 22 (green) on DAPI-counterstained
chromosomes of HDLM-2. The arrow points to a chromosome with
multiple bands of chromosome 22. (b) Hybridization signals detect-
ed with chromosome 9 (red) on the identical DAPI-counterstained
chromosomes shown in (a). The arrow points to the identical chro-
mosome shown in (a) that also carries red bands indicating chromo-
some 9 origin. (c) Overlay of images (a) and (b). The arrow points
to the ‘zebra’-type chromosome that carries chromosome 9 and 22
material due to breakage-bridge-fusion (BBF) cycles. For more
details, see text. Note additional rearrangements involving chromo-
somes 9 and 22. Table 1 summarizes the overall involvement of
chromosomes 9 and 22 in HDLM-2, L-428 and L-1236.
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Spectral karyotyping reveals extensive and complex
chromosomal rearrangements in Hodgkin cells

Using the same metaphase preparations as analyzed in
the metaphase FISH for chromosomes 9 and 22, we
examined overall chromosomal changes in these three
cell lines using SKY. Twenty metaphases for each cell line
were imaged and analyzed using Case Data Manager and

some 22, however there were five or fewer fragments per
metaphase (Table 1).

We conclude that Hodgkin cells show multiple
rearrangements involving chromosomes 9 and 22. The
aberrations include numerical and structural changes. The
latter involve single, double or multiple unbalanced translo-
cation events characteristic of BBF cycles.

Table 1. Summary of data obtained after chromosome painting of Hodgkin’s interphase nuclei with chromosomes 9 and 22.

chr9 chr9trans  chr 9 fragment chr9 and 22 together chr 22 chr 22 trans chr 22 fragment BBF chr

HDLM-2

47 have 1 copy
14 have 2 copies

10 have 1 copy
47 have 2 copies

16 have 1 copy
43 have 2 copies

7 have 1 copy
55 have 2 copies

62 have 0 copies

62 have 5+ copies

59 have 1 copy
3 have 2 copies

1 has 3 copies

2 have 3 copies
1 has 4 copies

3 have 3 copies

L-1236
14 have 1 copy 4 have 0 copies 62 have ( copies 4 have 0 copies 4 have 0 copies 3 have 0 copies 62 have ( copies
39 have 2 copies 34 have 1 copy 42 have 1 copy 29 have 1 copy 2 have 1 copy
8 have 3 copies 16 have 2 copies 14 have 2 copies 16 have 2 copies 8 have 2 copies
1 has 7 copies 4 have 3 copies 2 have 3 copies 7 have 3 copies 12 have 3 copies
2 have 4 copies 0 have 4 copies 4 have 4 copies 12 have 4 copies
1 has 5 copies 0 have 5 copies 2 have 5 copies 25 have 5+ copies
1 has 6 copies
L1428
4 have 1 copy 4 have 1 copy 2 have 0 copies 1 have 1 copy 1 has 1 copy 4 have 0 copies 62 have ( copies
23 have 2 copies 23 have 2 copies 16 have 1 copy 7 have 2 copies 1 has 2 copies 0 have 1 copy
29 have 3 copies 29 have 3 copies 40 have 2 copies 32 have 3 copies 1 has 7 copies 58 have 5+ copies
4 have 4 copies 4 have 4 copies 3 have 3 copies 13 have 4 copies

2 have 5 copies
1 has 6 copies

2 have 5 copies
1 has 6 copies

1 has 5 copies

4 have 5+ copies

Results are shown for HDLM-2, L-1236, and L-428 cells.

Figure 6. (A) Spectral karyotyping (SKY) of L-428.
Representative figure illustrating complex chro-
mosomal rearrangements indicative of BBF
cycles, unequal chromosome segregation and
centrosome duplication defects. (a) is the raw
spectral image, (b) is the inverted DAPI image, (c)
is the pseudo-color image and finally (d) is the
karyotype table, which shows the classification of
chromosomes. An arrow points to the most
prominent BBF chromosome (‘zebra’-type). Online
Supplementary Table S1 summarizes all numeri-
cal and structural chromosomal changes detect-
ed. Online Supplementary Figure S5 shows repre-
sentative SKY data for HDLM-2 and L-1236. (B)
Super resolution imaging (3D-SIM) of H and RS
cells. 3D-fixed nuclei of HDLM-2 were imaged
using 3D-SIM. (a) Intra-nuclear bridges between
RS cell nuclei [arrows and insert (b)]; (c) a chro-
mosome that forms a bridge between two RS
cells (see arrow and insert).
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SKY View software.

Every metaphase analyzed for all three Hodgkin lines,
HDLM-2, L-428, and L-1236, had some form of chromoso-
mal rearrangement (P<0.0001). Representative figures illus-
trate the findings for all three lines (Figure 6A, and Online
Supplementary Figure S6). Figure 6A (arrow) shows the pres-
ence of a ‘zebra’-type BBF chromosome having undergone
multiple BBF cycles, similar to the BBF chromosome (9.22
BBFC) observed in HDLM-2 (Figure 5A-C), but involving
different chromosome partners.

The pairs of chromosomes repeatedly involved in
translocation events in all three cell lines and at a frequency
of ten or more times were also analyzed (Table 2).
Chromosomes 13 and 16, 13 and 5, 14 and 21, 15 and 20,
15 and 22, 15 and 8, 5 and 4, 6 and 22, 7 and 3, and 8 and
2 all had P values of less than 0.0001. Rearrangements
involving pairs of chromosomes, such as chromosomes 10
and 17 (P=0.0002), 12 and 22 (P=0.0411), 12 and 4
(P=0.001), 11 and 13 (P=0.001), 11 and 16 (P=0.0029), 5 and
21 (P=0.0016), 5 and 22 (P=0.0123), and 2 and 10
(P=0.0534), were all significant as well. Chromosome 9 and
22 aberrations, as described above, were confirmed (Online
Supplementary Table S1).

To examine the progression from H to RS cells, we ana-
lyzed the complexity of chromosomal rearrangements
between H and RS cells of the same cell lines (Online
Supplementary Table S1). Online Supplementary Table S1
highlights common dynamic rearrangements in H and RS

Table 2. Translocation summary and statistical significance of translo-
cations observed.

Translocations P value
Chromosomes 1 and 11 0.1864
Chromosomes 10 and 17 0.0002
Chromosomes 12 and 22 0.0411
Chromosomes 12 and 4 0.001
Chromosomes 11 and 13 0.0011
Chromosomes 13 and 16 <0.0001
Chromosomes 11 and 16 0.0029
Chromosomes 13 and 5 <0.0001
Chromosomes 14 and 21 <0.0001
Chromosomes 15 and 20 <0.0001
Chromosomes 15 and 22 <0.0001
Chromosomes 15 and 8 <0.0001
Chromosomes 1 and 7 0.0602
Chromosomes 5 and 21 0.0016
Chromosomes 5 and 22 0.0123
Chromosomes 2 and 10 0.0534
Chromosomes 3 and 21 0.8644
Chromosomes 5 and 4 <0.0001
Chromosomes 5 and 1 0.6787
Chromosomes 5 and 6 0.7053
Chromosomes 9 and 21 0.359
Chromosomes 6 and 22 <0.0001
Chromosomes 7 and 3 <0.0001
Chromosomes 8 and 2 <0.0001

SKY data are shown for chromosomes involved more than ten times in translocations
in HDLM-2, L-1236 and L-428 (P values according to Fisher’s exact test).

I A. Guffei et al.

cells of HDLM-2 (highlighted in red and green). RS cells
show additional chromosomal changes that exist in a less
complicated form in H cells. For example, t(1;17) is found
in H cells, and becomes a three- or four-way translocation
in RS cells t(1;17;13;18) or t(1;17;19;18) (Ounline
Supplementary Table S1; red) and t(2;21) becomes
t(2;21;6;17) (Online Supplementary Table S1; green).
Telomere dysfunction in Hodgkin’s lymphoma' was
confirmed and included telomere-free ends and interstitial
telomere signals in many chromosomes of all metaphases
examined for all cell lines (Online Supplementary Table S2).
We conclude that H and RS cells have complex kary-
otypes that reflect their disrupted nuclear chromosomal
organization. RS cells continue to acquire additional
changes and become overloaded with multiple rearranged
and fused chromosomes. They demonstrate the karyotyp-
ic evolution that began in H cells, possibly already in small

circulating precursors, reaching an end-stage of complexity
in RS cells.

Super resolution imaging reveals nuclear remodeling
and frequent breakage-bridge-fusion cycles
in Reed-Sternberg cells

To validate the above conclusions, we carried out 3D-SIM
and established that H cells have a more uniform nuclear
architecture than bi- to multi-nucleated RS cells (Figure 6B,
and Online Supplementary Figure S7). H cells rarely showed
inter-nuclear bridges indicative of ongoing BBF cycles
(Online Supplementary Figure S7A,B). In contrast, RS nuclei
are commonly linked to each other through single or multi-
ple inter-nuclear bridges, consisting of stretched DNA fibers
and/or of individual chromosomes (Figure 6B, a-c). Thus,
BBE cycles are frequent in RS cells and lead to their complex
karyotypes and complex karyotype evolution.

Discussion

Disruption of nuclear architecture in Hodgkin’s
lymphoma

The nucleus and its architecture are key to proper cell
function, including replication and transcription and main-
tenance of genomic stability.** The strongest functional
evidence linking chromosome architecture and cellular
function was recently demonstrated in rod cell nuclei.®
The authors convincingly demonstrated regular and invert-
ed chromosomal architecture in rod cells, and this architec-
ture was associated with diurnal and nocturnal vision.
Chromosomes are thus organized in a non-random man-
ner to assure cellular function. Any change to this organi-
zation will necessarily have an impact on the function of
the affected cell.

Hodgkin cells show successively increasing disruption of
their nuclear architecture starting with H cells and dynam-
ically progressing to RS cells. Chromosomal positions in H
and RS cells were examined in three Hodgkin cell lines and
all displayed alterations from the 3D nuclear order of the
same chromosomes in normal human B cells. In addition,
the RS nuclear chromosome distribution was uneven and
the numbers of chromosomes found in each sub-nucleus
differed as demonstrated for chromosomes 9 and 22 and
validated by SKY. This study is, to the best of our knowl-
edge, the first to demonstrate the progressive disruption of
nuclear chromosomal order in Hodgkin’s lymphoma.
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Complex chromosome dynamics during the transition of
Hodgkin cells to Reed-Sternberg cells

We detected aberrations from the normal positioning of
chromosomes in H cells, and these nuclear chromosome
positions were reflected by chromosomal rearrangements.
The latter were studied by chromosome painting for chro-
mosomes 9 and 22 and followed up for all chromosomes
using SKY. The findings were complementary: H cells pos-
sess unstable genomes and show cell-to-cell variations.

As H cells transition to RS cells, the situation becomes
more complex as some nuclei show unequal chromosome
distribution and others become ‘ghost’ nuclei, devoid of
the normal DNA content. This refers to both telomeres"”’
and chromosomes (this study). Chromosomes 9 and 22
are indicators of this situation. These two chromosomes
are not commonly found in ‘ghost’ nuclei, and therefore
such ghost cells have to be considered chromosome-poor.
In contrast, some of the RS cell nuclei are chromosome-
rich and contain multiple sets of these chromosomes.
Thus, RS cells were subject to the dynamic processes that
occurred during the transition from H to RS cell, including
aberrant centrosome duplication, multiple spindles and
increasing levels of aneuploidy. In addition, due to telom-
ere dysfunction brought about by critically short telom-
eres and telomere uncapping,’ telomeric end-to-end
fusions create dicentric chromosomes that break at
anaphase and generate ongoing cycles of BBE The latter
were observed in each metaphase plate and highlighted
by 3D-SIM (Figure 6B). Varying BBF partners joined into
this process when H cells became RS cells (Figures 5 and
6A, and Online Supplementary Table S1).

Genomic instability in Hodgkin cells

Genomic instability is a dynamic process that enables
the cell population to evolve in different ways depending
on selective pressures. The genetic heterogeneity found in
H cells and recapitulated at higher complexity in RS cells
suggests that the H cell acquires additional genetic hits dur-
ing transition to the RS cell stage. These include telomere-
mediated BBF cycles with unbalanced translocations and
multiple rounds of BBF generating BBF (zebra) chromo-
somes that were created by repeated breakage and fusions
between the one, two or multiple chromosomes.

The question arises how much genomic instability cells
require to adapt to their tumorigenic environment and
how much instability they can take before they reach their
own replicative end-points when aberrations and fusions
become a hindrance to further cell divisions. Work in
tumor models suggested that too high a level of genomic
instability limited tumor growth.” Recent data from our
group suggest that early ex vivo Epstein-Barr virus-infected
human B lymphocytes display genomic instability and
show dynamic karyotype evolution."”* Taken together, we
propose that H cells are tumor cells with altered nuclear
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