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In Epstein–Barr virus (EBV) negative Hodgkin’s cell lines and classical EBV-negative Hodgkin’s lymphoma (HL), Reed–
Sternberg cells (RS cells) represent end-stage tumor cells, in which further nuclear division becomes impossible because
of sustained telomere loss, shortening and aggregation. However, the three-dimensional (3D) telomere organization in
latent membrane protein 1 (LMP1)-expressing RS cells of EBV-associated HL is not known. We performed a 3D telomere
analysis after quantitative fluorescent in situ hybridization on 5 mm tissue sections on two LMP1-expressing HL cases and
showed highly significant telomere shortening (Po0.0001) and formation of telomere aggregates in RS cells (Po0.0001),
when compared with the mononuclear precursor Hodgkin cells (H cells). Telomere-poor or telomere-free ‘ghost’ nuclei
were a regular finding in these RS cells. These nuclei and their telomere content strongly contrasted with the corona of
surrounding lymphocytes showing numerous midsized telomere hybridization signals. Both H cells and RS cells of two
EBV-negative HL cases analyzed in parallel showed 3D telomere patterns identical to those of LMP1-expressing cases. As a
major advance, our 3D nuclear imaging approach allows the visualization of hitherto unknown profound changes in the
3D nuclear telomere organization associated with the transition from LMP1-positive H cells to LMP1-positive RS cells. We
conclude that RS cells irrespective of LMP1 expression are end-stage tumor cells in which the extent of their inability to
divide further is proportional to the increase of very short telomeres, telomere loss, aggregate formation and the
generation of ‘ghost’ nuclei.
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Binuclear or multinuclear Reed–Sternberg cells (RS cells) are
the key elements for the diagnosis of Hodgkin’s lymphoma
(HL).1,2 In about 40–50% of HL cases, Hodgkin cells
(H cells) and RS cells express the Epstein–Barr virus (EBV)-
encoded latent membrane protein 1 (LMP1) oncoprotein or
its deletion variants,3,4 and the risk of developing LMP1-
expressing HL within a median incubation time of 4 years
after symptomatic EBV infection is significantly (fourfold)
increased.5

Mononuclear H cells are the precursors of multinuclear RS
cells,6–9 and endomitotic multinucleation is associated with
disturbed cytokinesis and jumping translocations10,11 point-
ing to a severe telomere dysfunction.12,13 Telomeres are the
nucleoprotein complexes at the ends of chromosomes in
which a number of specific proteins, either binding telomere

proteins directly or a protein complex, termed ‘shelterin,’ is
directly associated with telomeric DNA.14–16

Profound changes in the three-dimensional (3D) nuclear
organization of telomeres are the hallmark of the transition
from mononuclear H cells to multinuclear RS cells in EBV-
negative Hodgkin cell lines and in classical EBV-negative HL.
We recently showed that EBV-negative RS cells represent
end-stage tumor cells, in which further nuclear division
becomes impossible because of sustained telomere loss,
shortening and aggregation.1 However, nothing is known
about the 3D telomere organization in LMP1-expressing
H and RS cells of EBV-associated Hodgkin’s disease (HD).
In this study, we document 3D telomere dynamics in
LMP1-expressing H and RS cells and show conformity with
those observed in EBV-negative HD analyzed in parallel.
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MATERIALS AND METHODS
Ethics
The study design has been approved by the Institutional
Ethics Committee of the Université de Sherbrooke and the
Institutional Review Board of the University of Manitoba.

Informed consent was obtained from each patient, and the
investigations were conducted according to the Declaration
of Helsinki.

Tissue Slides
Archival formalin-fixed, paraffin-embedded tissue slides
(serial sections of 5 mm) from three patients of EBV-asso-
ciated and from three patients of EBV-negative classical HD
were deparaffinized twice for 15min at room temperature in
xylene and placed in 100% ethanol. Slides were subsequently
rehydrated in a descending gradient of ethanol–water to 30%

ethanol, transferred to PBS and used for hematoxylin–eosin
staining (serial section no. 1), immunostaining (CD30,
serial section no. 2; LMP1, serial section no. 3) and
quantitative fluorescent in situ hybridization (Q-FISH, serial
section no. 4).

Identification of LMP1-expressing H and RS cells on serial
sections with combined 3D DAPI/Cy-3 telomere Q-FISH
nuclear staining were as follows: On serial section no. 3,
lymph node regions with LMP1-expressing H and RS cells
were identified at a � 200 magnification and individual
cells were further confirmed at a � 630 magnification. Sub-
sequently, on serial section no. 4, the corresponding region
was identified at a � 200 magnification, and the corres-
ponding H and RS cells (hence LMP1 expressing) were
further analyzed for 3D nuclear telomere organization at a
� 630 magnification.

Figure 1 Mononuclear Hodgkin and multinuclear Reed–Sternberg cells in classical Hodgkin’s lymphoma. (a) Female, 29 years, classical HD, nodular sclerosis

subtype, EBV-positive, supra-clavicular lymph node. Two LMP1-expressing Hodgkin cells (brown staining, bottom) and two LMP1-expressing Reed–

Sternberg cells (brown staining, middle and top) are shown. (b) Male, 34 years, classical HD, nodular sclerosis subtype, EBV-negative, cervical lymph node.

One multinucleated Reed–Sternberg cell (top) and several mononuclear Hodgkin cells, some of them with twisted nuclei (middle), show strong CD30

staining (brown).
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Immunohistochemistry
Immunostaining was performed by standard indirect
immunoperoxidase technique using primary monoclonal
mouse antibodies anti-CD30 (Ber-H2) and anti-LMP1
(clones CS1-CS4) from Dako (Glostrup, Denmark), at a
dilution of 1:40 and 1:50, respectively. Photomicrographs
were performed using a Zeiss Axioskop 2 microscope
with a Polaroid C11806TV camera and Polaroid DMC2
v2.01.software.

Telomere Q-FISH
The telomere FISH protocol was performed17–19 using
Cy3-labeled peptide nucleic acid probes (DAKO). Imaging of
interphases after telomere FISH was performed using Zeiss
AxioImager Z1 with a cooled AxioCam HR B&W, DAPI,
Cy3 filters in combination with a Planapo 63� /1.4 oil
objective lens. Images were acquired using AXIOVISION4.6
(Zeiss) in a multichannel mode, followed by constraint
iterative deconvolution as specified below.

3D Image Acquisition
At least 30 H-cell interphase nuclei and at least 30 RS-cell
interphase polycaria were analyzed in each of the two cases of
EBV-associated and EBV-negative HD. One case each of
EBV-associated and EBV-negative HL with o30 RS cells were
not included in the statistical analysis. However, these RS
cells showed the same telomere organization as did the sta-
tistically analyzed cases. AXIOVISION 4.6 with deconvolu-
tion module and rendering module were used. For every

fluorochrome, the 3D image consists of a stack of 40 images
with a sampling distance of 200 nm along the z direction and
107 nm in the xy direction. The constrained iterative algo-
rithm option was used for deconvolution.20

3D Image Analysis for Telomeres
Telomere measurements were performed using TeloView18,21

By choosing a simple threshold for the telomeres, a binary
image was found. On the basis of that, the center of gravity of
intensities was calculated for every object resulting in a set of
coordinates (x, y, z) denoted by crosses on the screen. The
integrated intensity of each telomere was calculated because it
is proportional to the telomere length.22

Segmental Nuclear Volume
Nuclear volume within one 5mm thin nuclear section of H or
RS cell is calculated according to the 3D nuclear DAPI staining
as described previously.23 Contrary to whole-cell preparations
(cells or cell lines), in which the nuclei can be visualized with
their entire volumes and z-stack analysis along the z direction
over 15mm allows the calculation of the entire nuclear volume,
in tissue sections the nuclear volume analysis is limited to 5mm
nuclear segments (used as a standard for histopathological
diagnosis) along the z direction.

Deparaffinized tissue slides of 10 and 15mm thickness are
technically unsatisfactory for Q-FISH analysis. Thus, the
segmental nuclear volume represents about 30–50% of the
total nuclear volume of H cells (nuclear diameter of about
10–15mm) and about 15–25% of the total nuclear volume of
RS cells (diameter of two up to several nuclei about 20–40mm).

Segmental Telomere Number
Segmental telomere number is the sum of all short, midsized
and large telomeres and aggregates identified within one
5 mm thin nuclear section of an H or RS cell.

Segmental Telomere Intensity
Segmental telomere intensity is the sum of intensities of all
short, midsized and large telomeres and aggregates identified
within one 5mm thin nuclear section of an H or RS cell (vizP

2� 15 000Units 4
P

7� 4000Units).

Mean Telomere Intensity
Indicates mean telomere relative fluorescent intensity
(length) of all telomeres within a given segmental volume.

Telomere Length
Telomeres with a relative fluorescent intensity (y axis) ran-
ging from 0 to 5000Units are classified as very short, with an
intensity ranging from 5000 to 15 000Units as short, with
an intensity from 15 000 to 30 000Units as midsized and
with an intensity 430 000Units as large.

Figure 2 Telomere distribution according to size in mononuclear Hodgkin

(blue) and at least binuclear Reed–Sternberg cells (red) in EBV-positive

Hodgkin’s disease. Results are based on 3D analysis of at least 30 Hodgkin

and 30 Reed–Sternberg cells. Same patient as shown in Figure 1a.

Frequency (x axis) and relative fluorescent intensity, ie, size of telomeres

(y axis) in a diagnostic 5 mm thin supra-clavicular lymph node section. There

is a highly significant shift (Po0.0001) from midsized and short telomeres

to very short telomeres of 0–5000 relative fluorescence units.
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Telomere Aggregates
Telomere aggregates are defined as clusters of telomeres
that are found in close association and cannot be further
resolved as separate entities at an optical resolution limit of
200 nm.18

Statistical Analysis
For each case, normally distributed parameters are compared
between the two types of cells using nested ANOVA or two-
way ANOVA. Multiple comparisons using the least square
means tests followed, in which interaction effects between
two factors were found to be significant. Other parameters
that were not normally distributed were compared using a
nonparametric Wilcoxon rank sum test. Significance level
was set at P¼ 0.05. Analyses were carried out using SAS v9.1
programs.

RESULTS
In EBV-associated HL, mononuclear H cells and multi-
nuclear (at least binuclear) RS cells were identified by LMP1
and CD30 expression, whereas in EBV-negative HL, CD30
had to be present (Figures 1a and b).

LMP1-Expressing HL
RS cells of both cases were characterized by a significant
shift from midsized and short telomeres to very short telo-
meres (Po0.0001) when compared with mononuclear H
cells as quantified in Figure 2. This is further illustrated in
representative images of Figures 3a–c; the large RS cell in
the center of the image showed few, unevenly distributed small-
sized telomeric signals, whereas the surrounding lymphocytes
(labeled as 1, 2 and 3) displayed bright telomeric signals.
Loss of midsized telomeres was also prominent in large twisted
H cells (see arrows in Figure 4), and in many RS cells,

Figure 3 3D nuclear organization of telomeres (red) and total nuclear DNA (blue) in EBV-positive, LMP1-expressing Sternberg–Reed cells of classical

Hodgkin’s lymphoma. Same patient as shown in Figure 1a. (a) Multinuclear outré Reed–Sternberg cell showing unequal nuclear distribution of mainly short

telomeres when compared with surrounding lymphocytes (1, 2, 3), which contain midsized telomeres. (b) DAPI staining (gray scale image, for better

contrast) of the same Reed–Sternberg cell and surrounding lymphocytes is shown. On representative 2D z-stack image no. 20 out of 40 multinuclearity and

endomitosis with incomplete nuclear separation is evident. (c) Mononuclear Hodgkin cell (to scale) shows mainly midsized telomeres.
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telomere-poor or telomere-free ‘ghost’ nuclei (Figure 5a and b,
nucleus no. 2) were adjacent to telomere-rich micronuclei with
aggregates (Figure 5a and b, nucleus no. 3). Overall telomere
characteristics of LMP1-expressing H and RS cells of an
EBV-associated HL are shown in Table 1a. As expected, the
segmental nuclear volume of RS cells is about twice that of H
cells and the segmental telomere number is also higher.
However, the segmental telomere intensity, ie, the total DNA
mass of telomeres is nearly the same, indicating that no addi-
tional and significant telomere elongation takes place. On the
contrary, telomeres have to get much shorter during the
transition from H to RS cells, as demonstrated by a decrease
in the mean telomere intensity, especially through a
highly significant increase of very short telomeres. Telomere
shortening is accompanied by a doubling of number of telo-
mere aggregates.

EBV-Negative HL
Both cases showed a significant shift from midsized and short
telomeres to very short telomeres (Po0.0001) when com-
pared with mononuclear H cells (Figure 6), and lacunar
‘ghost’ RS cells were frequently observed (Figure 7). Overall
telomere characteristics of H and RS cells of an EBV-negative
HL are shown in Table 1b (identical experimental conditions,
as the LMP1-expressing case of Table 1a). Telomere dynamics
show the same pattern as in the LMP1-expressing cases. In
particular, characteristics earlier identified for EBV-negative
Hodgkin cell lines and EBV-negative HL are still highly sig-
nificant in the setting of LMP1-expressing HL and inclusion
of additional EBV-negative HL (Table 2).

In summary, LMP1-expressing H and RS cells display
nearly congruent 3D telomere configurations when compared
with their EBV-negative counterparts. RS cells, irrespective

Figure 4 3D identification of telomere shortening and loss in a large, twisted LMP1-expressing Hodgkin cell. Female, 77 years, axillary lymph node, classical

Hodgkin’s lymphoma, nodular sclerosis subtype, EBV positive. (a) In a large Hodgkin cell, some very short (arrows) telomeres (red) are identified, whereas the

surrounding lymphocytes contain numerous midsized telomeres. (b) DAPI staining (blue) of the same Hodgkin cell reveals twisted nuclear structure in

contrast to surrounding lymphocytes with homogenous nuclear structure. (c) Combined 3D nuclear staining confirms telomere loss and shortening (arrows)

in a large twisted Hodgkin cell, whereas surrounding lymphocytes show normal telomere distribution.
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of their LMP1 expression, are characterized by a highly
significant loss of their telomere mass (quantity of telomere
ADN repeats in relation to nuclear volume), a highly sig-
nificant increase of telomere aggregates and a highly sig-
nificant increase of very short telomeres, indicating a real
telomere erosion during the passage from H to RS cells.

DISCUSSION
EBV-associated HL was first described by Poppema et al24 in
1984 and was confirmed at a large scale a few years later
by EBER in situ hybridization and LMP1 immuno-
histochemistry.25,26 The presentation, clinical course and
response to chemotherapy of EBV-associated HL are very
similar to EBV-negative HL,27 but the LMP1-expressing
nodular sclerosis type may have a less favorable long-term
prognosis.28,29 Relevant differences in EBV association are
observed according to socioeconomic status,30 and the risk to

develop EBV-associated HL after symptomatic infectious
mononucleosis is significantly increased.5

In EBV-associated HL, H and RS cells display a latency
type II pattern with expression of EBER, EBNA1, LMP2A,
B and LMP1, a multifunctional oncoprotein acting through
the activation of the NF-k-B, JNK and the JAK3-STAT
pathway.31,32 Transient expression of the LMP1 oncoprotein
in the EBV-negative Hodgkin’s cell lines L-428 and HD-MyZ
results in a significant increase of LMP1-expressing RS cells,
thus identifying LMP1 as a potent inducer of multi-
nuclearity.31,33 LMP1 also activates the hTERT promoter in
germinal center-derived BJAB Burkitt cells enhancing telo-
merase activity at the transcriptional level.34 Moreover,
EBNA1, also expressed in EBV-associated HL, promotes
genomic instability in EBV-negative Burkitt cell lines BJAB
and DG75 cells by the induction of reactive oxygen species,
heralded by compensatory upregulation of gH2AX.35 Thus,
experimental LMP1 and EBNA1 upregulation in a germinal

Figure 5 3D identification of a completely disturbed nuclear telomere organization in a trinuclear LMP1-expressing Reed–Sternberg cell. Same patient as

shown in Figure 4. (a) DAPI staining (gray scale image, for better contrast) identifies a trinuclear (1, 2, 3) Reed–Sternberg cell and surrounding lymphocytes.

(b) Combined 3D nuclear staining demonstrates few remnant telomeres (red) in nucleus 1 (blue), identifies nucleus 2 as telomere-free ‘ghost’ nucleus and

nucleus 3 as micronucleus with several midsized telomeres or aggregates.
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center-derived B-cell setting—Burkitt and RS cells are
both germinal center derived 2—mimics three in vivo and
in vitro characteristics of EBV-negative RS cells, namely

multinuclearity, high telomerase activity and genomic in-
stability.1,2,36–38

Our results of 3D nuclear telomere dynamics associated
with the transition of LMP1-expressing H to LMP1-expres-
sing RS cells show complete congruity with our recently
published findings in Hodgkin’s cell lines and classical EBV-
negative HL.1 In this study, three LMP1-expressing HL cases
and three additional EBV-negative HL cases, analyzed under
identical experimental conditions, show largely identical
telomere characteristics. To strengthen this point, we even
identify the characteristic 3D telomeric features when data
from both HL groups are pooled (Table 2). LMP1-expressing
RS cells are—similar to LMP1-negative RS cells—character-
ized by a high number of very short telomeres, a loss of
total telomere mass and a significant increase of aggregates
when compared with mononuclear H cells. These very
short telomeres termed ‘t-stumps’ were recently identified
and represent a common hallmark of tumor cells.39 These
‘t-stumps’ remain short even when telomerase activity is
high.39 There is growing evidence that the integrity of nuclear
chromosome territories is essential for successful mitosis.40,41

With that in mind, it will be hard to imagine that trinuclear
LMP1-positive RS cells (as shown in Figure 5) composed of a
first nucleus with a few short telomeres, a second telomere-
free ‘ghost’ nucleus and a third micronucleus with several
midsized telomeres or aggregates, will be able to get through
the next round of successful karyokinesis and thus may
represent true end-stage tumor cells. Thus, our findings in

Table 1 3D telomere characteristics of Reed–Sternberg cells compared with Hodgkin cells in (a) LMP1-positive and
(b) EBV-negative Hodgkin’s lymphoma

Patient Parameter RS cells H cells P-value

(a)

F, 29 years, Segmental nuclear volume 1260±915mm3 680±310mm3 o0.0001

NS, LMP1+ Segmental telomere number 32.7±19.3 21.1±13.8 ND

Segmental telomere intensity (Units) 193543±155786 178263±145646 NS

Mean telomere intensity (Units) 6657±4796 8394±3023 NS

Very short telomeres (o5000Units) 60.9% 32.7% o0.0001

Segmental telomere aggregates 3.2±2.7 1.7±1.7 ND

(b)

M, 32 years, Segmental nuclear volume 1090±611mm3 581±309mm3 o0.0001

NS Segmental telomere number 44.0±24.7 26.5±17.8 ND

Segmental telomere intensity (Units) 164607±108546 204321±211766 NS

Mean telomere intensity (Units) 4246±2936 7431±4905 0.0028

Very short telomeres (o5000Units) 79.2% 46.4% o0.0001

Segmental telomere aggregates 5.6±3.2 2.5±2.0 ND

NS¼ P40.05.

ND¼not done (see Table 2).

Figure 6 Telomere distribution according to size in mononuclear

Hodgkin (blue) and at least binuclear Reed–Sternberg cells (red) in

EBV-negative Hodgkin’s disease. Results are based on 3D analysis of at least

30 Hodgkin and 30 Reed–Sternberg cells. Frequency (x axis) and relative

fluorescent intensity, ie, size of telomeres (y axis) in a diagnostic 5 mm thin

cervical lymph node section is shown. There is a highly significant shift

(Po0.0001) from midsized and short telomeres to very short telomeres

of 0–5000 relative fluorescence units.
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LMP1-expressing HL are also in accordance with the recent
identification of circulating clonotypic B cells in classical
HL,42 which give rise to H cells that may progress to real end-

stage RS cells. As a major advance, our 3D nuclear imaging
approach allowed the visualization of hitherto unknown
profound changes in the 3D nuclear telomere organization

Figure 7 Same patient as shown in Figure 1b. 3D combined telomere FISH (red) and nuclear DAPI staining (blue) of a diagnostic 5 mm thin cervical lymph

node section. A huge telomere-free end-stage multinuclear ‘ghost’ Reed–Sternberg cell is surrounded by multiple reactive lymphocytes containing midsized

telomeres. Arrows point to the nuclei. Inset (upper right) confirms telomere-free ‘ghost’ nuclei.

Table 2 3D telomere characteristics of Reed–Sternberg cells compared with Hodgkin cells are independent of LMP1 expression:
statistics including 2 LMP1-expressing and 2 EBV-negative cases

Parameter RS cells H cells P-value
(N¼ 126; 65 LMP1+) (N¼ 141; 79 LMP1+)

Segmental nuclear volume 1189mm3 (46) 575mm3 (44)a o0.0001

Segmental telomere number 37.1 (1.7) 22.5 (1.6) o0.0001

Segmental telomere intensity 178 557Units (19 942) 189 899Units (18 958) NS

Mean telomere intensity 5820Units (580) 8428Units (552) 0.0013

Very short telomeres (o5000Units) 69.6% 46.1% o0.0001

Segmental telomere aggregates 4.4 (0.26) 2.1 (0.25) o0.0001

NS¼ P40.05.
a
Denotes s.e.
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associated with the transition from LMP1-positive H to
LMP1-positive RS cells.

ACKNOWLEDGEMENTS

We thank Mary Cheang, PhD, University of Manitoba Biostatistics Unit, for

statistical analysis of data. We are grateful to receive support from the

Canadian Institutes of Health Research (SM), and the Centre de Recherche

Clinique du CHUS (Grant no. PAFI 90914 to HK).

DISCLOSURE/CONFLICT OF INTEREST

The authors declare no conflict of interest.

1. Knecht H, Sawan B, Lichtensztejn D, et al. The 3D nuclear organization
of telomeres marks the transition from Hodgkin to Reed-Sternberg
cells. Leukemia 2009;23:565–573.
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