
Disruption of direct 3D telomere–TRF2 interaction
through two molecularly disparate mechanisms is a
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In classical Hodgkin’s lymphoma (cHL), specific changes in the 3D telomere organization cause progression from
mononuclear Hodgkin cells (H) to multinucleated Reed–Sternberg cells (RS). In a post-germinal center B-cell in vitromodel,
permanent latent membrane protein 1 (LMP1) expression, as observed in Epstein–Barr virus (EBV)-associated cHL, results
in multinuclearity and complex chromosomal aberrations through downregulation of key element of the shelterin
complex, the telomere repeat binding factor 2 (TRF2). Thus, we hypothesized that the three-dimensional (3D) telomere–
TRF2 interaction was progressively disturbed during transition from H to RS cells. To this end, we developed and applied
for the first time a combined quantitative 3D TRF2-telomere immune fluorescent in situ hybridization (3D TRF2/Telo-Q-
FISH) technique to monolayers of primary H and RS cells, and adjacent benign internal control lymphocytes of lymph node
biopsy suspensions from diagnostic lymph node biopsies of 14 patients with cHL. We show that H and RS cells are
characterized by two distinct patterns of disruption of 3D telomere–TRF2 interaction. Disruption pattern A is defined by
massive attrition of telomere signals and a considerable increase of TRF2 signals not associated with telomeres. This
pattern is restricted to EBV-negative cHL. Disruption pattern B is defined by telomere de-protection due to an impressive
loss of TRF2 signals, physically linked to telomeres. This pattern is typical of, but is not restricted to, LMP1+EBV-associated
cHL. In the disruption pattern B group, so-called 'ghost' end-stage RS cells, void of both TRF2 and telomere signals, were
identified, whether or not associated with EBV. Our findings demonstrate that two molecularly disparate mechanisms
converge on the level of 3D telomere–TRF2 interaction in the formation of RS cells.
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Numerical and complex structural chromosomal aberrations
are commonly identified in Hodgkin’s lymphoma (HL)-
derived cell lines1–3 and microdissected primary mononuclear
cells. The 3D transition from Hodgkin (H) to multinucleated
Reed–Sternberg (RS) cells4–6 is characterized by dynamic
progressive 3D telomere dysfunction,7 formation of giant
'zebra' chromosomes,8 and remodeling of the nuclear DNA
organization.9–11 These changes are associated with major
changes in the telomere-protecting shelterin complex.12,13

Analogous findings are observed in an in vitro model for
post-germinal center B-cell, Epstein–Barr virus (EBV)-
associated classical HL (cHL).14 In this experimental BJAB-
tTA-LMP1 tet-Off system, 490% of the cells express the
EBV-encoded oncogene latent membrane protein 1 (LMP1),
in contrast to the KMH2-EBV H cell subline, where under

permanent stimulation with CD40L/IL-4, the LMP1
oncogene is only expressed by 50% of the cells.15 In the
BJAB-tTA-LMP1 tet-Off system, LMP1 mediates multinu-
clearity and complex chromosomal abnormalities primarily
through downregulation of telomere repeat binding
factor 2 (TRF2).14 TRF2 has recently emerged as a key
element of the shelterin complex16 and also interacts with
lamin A/C in the maintenance of the 3D genome
organization.17 Though TRF2 appears to be the major target
of LMP1, other shelterin proteins, such as TRF1 (TRF1) and
protection of telomeres 1 (POT1), are also reversibly down-
regulated through LMP1.14 Moreover, EBV-infected normal
human B lymphocytes (Ly) show not only partial displace-
ment of TRF218 but also low levels of TRF2, TRF1, and
POT1.19
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Telomerase activity in cHL was for the first time reported
by Brousset et al20 in 1997 in only one of eight cases without
telomerase inhibition. However, this study was performed on
whole- protein extracts, including the bulk of reactive Ly.
Two subsequent studies identified human telomerase reverse
transcriptase (hTERT) by in situ hybridization (ISH) in H and
RS cells of all HL cases analyzed.21,22 However, there was no
correlation between the number of hTERT-positive H and RS
cells (varying from 30 to 70%), the HL subtype, and the
LMP1 positivity,22 consistent with the possibility that
the telomere protecting shelterin complex was as important
as the telomerase activity itself.

Thus, we hypothesized that the 3D interaction of telomeres
and TRF2 is disrupted in H cells and directly associated with
the formation of H and RS cells. To this end, we developed a
combined quantitative 3D TRF2-telomere immuno Q-FISH
(3D TRF2/Telo-Q-FISH) protocol and applied it to mono-
layers of primary H and RS cells including surrounding
reactive Ly from diagnostic lymph node biopsy suspensions,
allowing 3D analysis of the entire nuclear content (often not
achieved using laser microdissection of H and RS cells, given
that their nuclei are generally 410 µm in diameter and that
this technique is performed on 5 µm sections). Our results
show that the 3D steric interaction between telomeres and
TRF2 is progressively disrupted from H to RS cells by one of
two different mechanisms. Either, massive attrition of
telomeres is associated with an overwhelming increase in
TRF2 signals that are no longer associated with telomeres, or
marked loss of TRF2 signals physically linked to telomeres
result in telomere de-protection. The first pattern of
disruption of the 3D telomere–TRF2 interaction is only
observed in EBV-negative cases, whereas the second pattern is
typical of but not restricted to EBV-positive LMP1-expressing
cases. Thus, our in vitro model for post-germinal center
B-cell, EBV-associated cHL, where the EBV-encoded onco-
gene LMP1 mediates multinuclearity through downregulation
of TRF2, is confirmed. Most importantly, besides this
pathway leading to telomere dysfunction, there is at least
one second (opposite) pathway where telomere dysfunction
(mainly attrition of telomeres) is associated with TRF2
upregulation. In either pathway, the 3D shelterin complex is
qualitatively and quantitatively disrupted.

MATERIALS AND METHODS
Control Cell Line
Primary Human BJ-5ta fibroblast cells (ATCC) were grown in
bicarbonate-buffered RPMI-1640 medium supplemented
with 10% bovine fetal calf serum, penicillin (200 U/ml) and
streptomycin (200 mg/ml), and were incubated at 37 °C in a
humidified atmosphere containing 5% CO2.

Isolation of Primary Hodgkin and Reed–Sternberg Cells
Isolation and cryopreservation of primary H and RS cells was
performed according to the Jewish General Hospital SOP #
8.3.004 version 2 of the BCLQ (Banque de Cellules

Leucémiques du Québec). These guidelines are established
respecting the Declaration of Helsinki and approved by the
Ethical Committee of the Jewish General Hospital, Montreal,
Canada. The detailed protocol is available upon request from
the BCLQ. Briefly, fresh tissue from diagnostic lymph nodes
was under sterile conditions manually disaggregated in very
small 1–2 mm measuring pieces and subsequently further
disaggregated using the GentleMACS tissue dissociator. In
order to protect the cellular integrity of H and RS cells, the
step for enrichment for B cells using EasySep magnetic
columns was omitted, the cellular suspension centrifuged,
resuspended at 5 × 107 cells per ml using freezing medium
(10% DMSO in bovine fetal calf serum), placed in cryovials
and snap frozen until used for combined 3D TRF2/Telo-Q-
FISH.

3D TRF2/Telo-Q-FISH
Cryopreserved cellular suspensions of diagnostic lymph nodes
were thawed, resuspended in bicarbonate-buffered
RPMI-1640 medium supplemented with 10% bovine fetal
calf serum, penicillin (200 U/ml) and streptomycin (200 mg/
ml), and incubated at 37 °C in a humidified atmosphere
containing 5% CO2 for 12 h to a maximum of 36 h. Ly, H,
and RS cells of 14 cHL were analyzed, 4 of them belonging to
EBV-associated HL with LMP1-expressing H and RS cells.
Quality of H and RS cells was assessed by Wright–Giemsa
staining on monolayers of cytocentrifuged cells and revealed
no cytologic differences between H and RS cells of
EBV-negative and LMP1-expressing cases (Supplementary
Figure 1). Occasionally, large reactive macrophages may have
the same size as H cells, but their nuclear structure differs
significantly from the nuclear structure of H cells. On
Wright–Giemsa and non-specific esterase-stained (phago-
cyte-specific cytochemistry) monolayers, these large macro-
phages have ovoid ore sole-shaped lateralized nuclei with a
homogenous chromatin structure and do not contain
macronucleoli typical of H and RS cells (Supplementary
Figure 1A). Most importantly, in the combined immune-
FISH protocol applied herein, all H and RS cells were
rigorously selected based on their DNA structure (DAPI
staining) characterized by DNA-poor and DNA-free regions.
The combined quantitative 3D TRF2-telomere immuno
Q-FISH protocol,14,23,24 further developed for this study is
detailed as follows: (A) Immunostaining: rabbit polyclonal
TRF2 (1 mg/ml), Novus (NB110 57130) 1:500 dilution.
Secondary antibody: goat anti-rabbit Alexa 488, (Molecular
Probes), 1:1000 dilution. Staining steps: 1. Fix cells in 3.7%
formaldehyde/1 × PBS, 10 min, room temperature (RT). 2.
Wash in PBS twice, 5 min, RT, shaking. 3. Permeabilize with
0.1% Triton X-100 (in ddH2O), 12 min, no shaking, RT. 4.
Wash in PBS three times, 5 min, RT, shaking. 5. Block in 4%
BSA/4 × SSC for 5 min, RT. 6. Add antibody in 4%BSA/
4 × SSC, 45 min, 37 °C, humidified atmosphere. 7. Wash in
PBS three times, 5 min, RT, shaking. 8. Add secondary
antibody in 4%BSA/4 × SSC, 30 min, 37 °C, humidified
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atmosphere. 9. Three washes in PBS, 5 min, RT, shaking. (B)
FISH: 1. Apply 8 µl PNA-telomere probe (DAKO) (in the
dark), add 25 × 25 mm cover slip, apply rubber cement to
seal. 2. Denature 3 min 80 °C, hybridize 2 h at 30 °C (Hybrite,
Vysis/Abbott). 3. Remove rubber cement carefully and work
in the dark (from now until the end of the protocol). 4. Place
slides including cover slips in 70% formamide/10 mM Tris
(pH= 7.4) shaking until cover slip floats off; wash twice
15 min in this solution after cover slip is removed, RT,
shaking. 5. Wash in 1 × PBS, RT, 1 min, shaking. 6. Wash
5 min at 55 °C in 0.1 × SSC, shaking. 7. Wash 2 × 5min in
2 × SSC/0.05% Tween 20, RT, shaking. 8. Re-apply primary
and secondary antibodies as described above. 9. Wash three
times in 1 × PBS. 10. Stain with DAPI (0.1 mg/ml stock),
apply 50 µl, cover with cover slip, incubate in the dark for
3 min. 11. Mount in Vectashield. 12. Image. Imaging of
interphases after combined quantitative 3D TRF2-telomere
immuno Q-FISH was performed by using Zeiss Axiomanager
Z2 with a cooled AxioCam HR B&W, DAPI, Cy3 (telomere)
and FITC (TRF2) filters in combination with a Planapo
× 63/1.4 oil objective lens. Images were acquired by using
AXIOVISION 4.8 (Zeiss) in multichannel mode followed by
constraint iterative deconvolution as specified below.

3D Image Acquisition
Interphase nuclei of BJ-5ta control fibroblasts, internal
control Ly, mononucleated H cells, or bi/multinucleated RS
cells were analyzed. AXIOVISION 4.6 with deconvolution module
and rendering module were used. For every fluorochrome,
the 3D image consists of a stack of 80 images with a sampling
distance of 200 nm along the z and 102 nm in the x, y
direction. The constrained iterative algorithm option was
used for deconvolution.25 For statistical analysis the number
of telomeres was plotted against the intensity of telomere
signals (telomere length) and the number of TRF2 signals
against the intensity of TRF2 signals. A minimum of 30
interphase nuclei was analyzed.

3D Image Analysis for Telomeres
Telomere measurements were done with TeloView.26 By
choosing a simple threshold for the telomeres, a binary image
is found. On the basis of that, the center of gravity of
intensities is 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 is calculated because it is
proportional to the telomere length.26

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.27

Telomere Length
Telomeres with a relative fluorescent intensity (x axis) ranging
from 0 to 5000 units are classified as very short, with an

intensity ranging from 5000 to 15 000 units defined as short,
with an intensity ranging from 15 000 to 30 000 units defined
as mid-sized, and with an intensity 430 000 units defined as
large.28

Telomere Volume
Total telomere volume is the sum of all very short, short,
mid-sized, and large telomeres and aggregates within one
mononuclear or multinucleated cell.

Nuclear Volume
The nuclear volume is calculated according to the 3D nuclear
4’,6-diamidino-2-phenylindoline staining as described
earlier.29

3D Image Analysis of TRF2 Spots
The measurement parameters applied for the TRF2 length
and TRF2 volume were identical to those established for
telomeres.

Statistical Analysis
For each situation, where 30 cells (Ly, H cells, and RS cells)
were analyzed, 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 non-
parametric Wilcoxon rank sum test. Significance level was set
at P= 0.05. Analyses were carried out using SAS v9.1
programs.

RESULTS
Clinical Data
Table 1 summarizes the clinical data of the 14 patients, where
monolayers of primary entire H and RS as well as internal
control Ly from diagnostic lymph node biopsy suspensions
were available for the 3D combined quantitative 3D TRF2-
telomere immuno Q-FISH (3D TRF2/Telo-Q-FISH) proto-
col. This approach allowed for the first time 3D analysis of the
entire nuclear content of primary H and RS. Of note, this
entire nuclear analysis is not achieved when using laser
microdissection of H and RS, given that their nuclei are
generally 410 µm in diameter and that this technique is
performed on 5 µm sections.

Control Cell Line and Internal Controls
Most of the BJ-5ta normal human diploid control fibroblasts
and most internal control Ly of both LMP1-positive and
LMP1-negative cases showed a quantitatively and qualitatively
intact 1:1, tight direct 3D association of telomeres with TRF2
(Figure 1) composed mainly of short and intermediate length
telomeres, whereas the number of very-short-telomeres
(≤5000 units) was low: BJ-5ta 16.7%; case 2 Ly 19.8%; case
4 Ly 20.8%; case 7 Ly 8.7% (Figure 1). Corresponding
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findings were identified for the very-short-TRF2 spots (≤5000
units), namely BJ-5ta 23.6%; case 2 Ly 10.5%; case 4 Ly
31.7%; case 7 Ly 11.0% (Figure 1).

H and RS Cells
The H and RS cells of all 14 cases diagnosed with cHL
(Table 1) consistently displayed quantitative and qualitative
3D telomere–TRF2 dissociation, with a significant increase
(Po0.0001) of very-short-telomeres (case 8 H cells 46.6%;
case 10 H cells 74.3%; case 11 H cells 47.6%; case 2 RS cells
58.9%; case 11 RS cells 94.4%) compared to the internal
control Ly and the BJ-5ta control cell line. Interestingly, two
opposite disruption patterns of the 3D telomere–TRF2
interaction were identified.

Disruption Pattern A
Massive attrition of telomere signals with a considerable
increase of TRF2 signals not associated with telomeres was
restricted to six EBV-negative HL (Figure 2) including three
clinically aggressive cases (cases 2, 13, and 14). When
compared to H cells (Figure 2a) increasing numbers of free
TRF2 signals and further attrition of telomere signals with a
relative increase of very-short-telomeres were found in RS
cells (Figure 2b). A TeloView analysis of TRF2 and telomere
dynamics characteristic for the disruption pattern A are
shown in Figure 3. DNA bridges between nuclei of RS cells

were identified in two of these cases (Supplementary
Figure 2).

Disruption Pattern B
Telomere de-protection due to a loss of TRF2 signals
physically linked to telomeres was identified in eight cases
including all four cases of EBV-associated cHL. In particular,
two of the four LMP1-expressing cases were characterized by
numerous telomeres without TRF2 interaction (de-protected)
and this attrition of TRF2 signals was progressive from H to
RS cells (Figures 4a and b). These findings in primary H and
RS cells are analogous to the results of our in vitro model for
the transition from H to RS cells confirming our hypothesis of
TRF2 downregulation as a major element for this transition in
EBV-associated cHL. However, though this disruption pattern
is characteristic for EBV-associated cHL, it is not restricted to
it and presents as the opposite of disruption pattern A
(Figure 5). In this group (disruption pattern B) so-called
'ghost' end-stage RS cells, void of both, TRF2 and telomere
signals, were identified, whether or not associated with EBV
(Figure 6).

In summary, our results show that primary H and RS of all
14 cHL cases are characterized by a disruption of the
quantitative and qualitative 3D telomere/TRF2 interaction
(Table 2). This disruption results in double-stranded DNA
breaks, which increase from H to RS cells as evidenced by
γ-H2AX-positive staining independently of LMP1 expression
(Supplementary Figure 3). Two different scenarios appear to
be involved. In one scenario (Disruption pattern B), present
in all four cases of EBV-associated, LMP1-expressing cHL, a
significant downregulation of TRF2 occurs in accordance with
our in vitro, LMP1 driven, model of EBV-associated cHL.
This scenario is also identified in some EBV-negative cases of
cHL. In the other scenario (Disruption pattern A), massive
attrition of telomeres is associated with TRF2 upregulation.
This pattern was identified in EBV-negative cases of cHL and
may be related to clinically aggressive disease.

DISCUSSION
Recapitulation of the 3D Main Findings
Our combined qualitative and quantitative 3D telomere-TRF2
analysis performed on complete nuclei of primary H and RS
cells from diagnostic pre-treatment lymph node biopsies
reveals a hitherto unknown disruption of the physiological 3D
telomere–TRF2 interaction. Surprisingly, two opposite types
of this disruption pattern were identified. The first one
(Disruption pattern A) characterized by a significant TRF2
upregulation and attrition of telomere signals, the second one
(Disruption pattern B) by a massive reduction of TRF2 signals
compared to the telomere signals. In both types TRF2 is not
bound to all telomeres but the internal control Ly mostly
show a preserved quantitative and qualitative 3D telomere–
TRF2 interaction, thereby excluding technical artifacts as the
basis of the observed highly significant differences.

Table 1 Clinical data of patients with 3D analysis of primary H
and RS cells

Case/Sex Age cHL-type Stage First-line treatment Outcome

1 F 23 NS LMP1+ IB 3 × ABVD + IFRT CR

2 F 55 NS IVA 6×ABVD Progression

3 M 38 NS IVB 4 × ABVD + 4×AVD CR

4 M 85 NS IIIB 6 × ChlVPP Progression

5 M 21 NS IIIB 6 × ABVD CR

6 M 37 MC LMP1+ IA 3 × ABVD CR

7 M 29 MC LMP1+ IIA 4 × ABVD CR

8 M 50 MC IIIA 6 × ABVD CR

9 Fa 58 MC IVB 6 × ABVD Relapse

10 M 47 NS LMP1+ IA 2 × ABVD CR

11 M 19 MC IIA 4 × ABVD CR

12 M 31 NS IVA 6×ABVD CR

13 M 39 NS IIA 4 × ABVD Progression

14 F 75 NS IVA 6×ABVD + IFRT Progression

Abbreviations: ABVD, doxorubicin, bleomycin, vinblastine, dacarbazine;
AVD, doxorubicin, vinblastine, dacarbazine; ChlVPP, chlorambucil, vinblastine,
procarbazine, prednisone; IFRT, involved field radiation therapy; LMP1+,
latent membrane protein 1 positive; MC, mixed cellularity classical Hodgkin
lymphoma; NS, nodular sclerosis classical Hodgkin lymphoma.
aBiopsy at relapse.
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Multiple Facets of TRF2 Function Result in Genome
Instability
TRF2 has recently emerged as a key element of the shelterin
complex (reviewed in Feuerhahn et al16). TRF2 topologically
stabilizes the 3’ single-stranded DNA overhang through DNA
wrapping at t-loops,30 and is also involved in the formation of
t-loops at interstitial telomere repeat sequences that associate
with lamin A/C,17 primordial in the maintenance of 3D
genome organization.31 Moreover, elevated levels of TRF2
induce telomeric anaphase bridges and rapid telomere
deletions emphasizing the importance of TRF2 for the
interaction of 3D nuclear structure and function.32 Increased
levels of TRF2 are found in colorectal carcinoma tissue,33

breast cancer cells including their derived cell lines34 and
adult T-cell leukemia cells.35 It has also been shown that
TRF2-mediated upregulation of the heparan sulfate

(glucosamine) 3-O-sulphotransferase 4 gene in tumor cells
decreased their ability to recruit and activate natural killer
cells.36 On the other hand it is well-known that conditional
TRF2 deletion elicits an ATM-mediated telomere damage
response with gamma-H2AX upregulation resulting in
telomere fusions and consequently giant chromosomes in
mouse fibroblasts37 as well as in endoreplication and giant
hepatocytes.38,39 Thus, TRF2 expression is essential to avoid
nonhomologous end-joining recombination leading to giant
chromosomes, hyperploidy, and endomitosis.37,40 In mice,
targeted deletion of TRF2 in type 2 alveolar epithelial cells
results in a severe localized macrophage and T lymphocyte-
dominated inflammatory response triggered by IL-15 and
death receptor signaling,41 and TRF2 downregulation at the
transcriptional and translational level leading to telomere de-
protection is also induced by miR-23a overexpression.42

Figure 1 Non-malignant control cells for 3D TRF2/Telo-Q-FISH: the BJ-5ta human fibroblast cell line served as non lymphoid controls and randomly
chosen lymphocytes of monolayers of every case served as internal controls. 3D nuclear organization of total nuclear DNA (blue), telomeres (red), TRF2
(green), and telomere-TRF2 overlay (orange). Upper panel: complete 3D reconstitution of a B-5ta human fibroblast with preserved 1:1 direct interaction
of telomere and TRF2 signals with equal intensity (left). TeloView analysis of 30 BJ-5ta fibroblasts (right). Frequency (x axis) is plotted against relative
fluorescent intensity, ie, size of telomeres/TRF2 spots (y axis). Lower panel: Teloview analysis of lymphocytes. The telomere signals (white crosses) are
marked in three axis (x, y, z) and overlay with the TRF2 spots at a 1:1 ratio (left). TeloView assessment of telomere/TRF2 profiles based on 3D analysis of
30 entire lymphocyte nuclei is shown (right). TRF2, telomere repeat binding factor 2.
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Figure 2 3D telomere/TRF2 disruption pattern A: progressive shortening and loss of telomeres but increase of unbound (free) TRF2 spots occurs during
the transition from H to RS cells in aggressive cHL (patient 2) (a). Complete 3D reconstitution of mononuclear H cell (left) with nuclear DNA (blue),
telomere (red), TRF2 (green), and telomere-TRF2 overlay (orange) signals is shown in transparency mode. Unbound TRF2 signals and variable telomere/
TRF2 complexes are identified. 3D telomere-TRF2 reconstitution in surface mode of same nucleus (right panel) confirms numerous unbound (free) TRF2
signals and variation of the remaining 3D telomere/TRF2 complexes, ie, large TRF2 spots associate with small telomeres and vice versa. (b) Large
binuclear RS cell (same patient as in a) shows progressive attrition of telomeres, increase of free TRF2 signals, and unbalanced signal distribution
between the two adjacent nuclei. Upper left shows DNA structure of the RS cell and surrounding lymphocytes. Lower left shows 3D nuclear
organization of total nuclear DNA (blue), telomeres (red), TRF2 (green), and telomere-TRF2 overlay (orange) in transparency mode. Right panel shows 3D
telomere-TRF2 reconstitution in surface mode and confirms telomere attrition, few remaining small telomere signals mainly in the upper nucleus and a
lower nucleus nearly void of telomeres. To note that the lymphocyte adjacent to the right side of the RS cell contains also several free TRF2 signals
(lymphocyte precursor of H cell?), several lymphocytes of this type have been identified in this patient. cHL, classical Hodgkin’s lymphoma; H, Hodgkin
cells; RS, Reed–Sternberg cells; TRF2, telomere repeat binding factor 2.

Figure 3 Increased free TRF2 signals in 3D telomere/TRF2 disruption pattern A: telomere (red) and TRF2 spot (green) distribution according to size in
mononuclear Hodgkin (left) and at least binuclear Reed–Sternberg cells (right) in the EBV-negative case 11. TeloView results are based on 3D analysis of
30 Hodgkin and 30 Reed–Sternberg cells. Frequency (x axis) is plotted against relative fluorescent intensity, ie, size of telomeres and TRF2 spots (y axis).
There is a significant shift (Po0.0001) of short telomeres to very-short-telomeres of ≤ 5.000 relative fluorescence units (47.6% in H cells versus 94.4% in
RS cells) with the total number of telomeres remaining nearly the same (19.3 telomere per H cell versus 23.2 telomere per RS cell). There is also a
significant shift (Po0.0001) to very-short-TRF2 spots (63.3% in H cells versus 73.2 in RS cells) but furthermore paralleled by an increasing number of
TRF2 spots (41.0 TRF2 spots per H cell versus 62.0 TRF2 spots per RS cell) documenting the substantial increase of unbound TRF2 signals. EBV,
Epstein–Barr virus; H, Hodgkin cells; RS, Reed–Sternberg cells; TRF2, telomere repeat binding factor 2.
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Considering these data it is not astonishing that either TRF2
upregulation or TRF2 depletion, both, appear as candidate
drivers in the formation of H and RS cells, since both

scenarios result in telomere de-protection, deregulated
immune responses, and genome instability as identified in
cHL,43,44 even though through different mechanisms.

Figure 4 3D telomere de-protection in EBV-associated LMP1-expressing cHL (disruption pattern B): progressive attrition of TRF2 spots occurs in
LMP1-positive cHL during the transition from H to RS cells. (a). Large mononuclear Hodgkin cell (upper left) shown in 3D surface mode with telomere
(red) and few TRF2 spots (green) visible at the surface of the nucleus (blue). Same cell (lower left) in transparency mode for DAPI only to demonstrate
typical DNA pattern of a Hodgkin cell. Same H cell (right panel) in surface mode for telomere (red) and TRF2 spots (green) reveals telomere de-
protection due to attrition of TRF2 signals. (b). Left panel showing binuclear (1, 2) RS cell (DAPI in blue) in transparency mode with numerous telomere
(red) and nearly absent telomere-bound TRF2 (orange) indicated by arrows. Surface mode for telomere (red) and TRF2 (green) of the same cell without
DNA staining confirms very few minimal TRF2 signals (green) bound to telomere (arrows). cHL, classical Hodgkin’s lymphoma; EBV, Epstein–Barr virus; H,
Hodgkin cells; LMP1, latent membrane protein 1; RS, Reed–Sternberg cells; TRF2, telomere repeat binding factor 2.

Figure 5 Two opposite ways of 3D telomere/TRF2 disruption. TeloView performed on groups of 30 H and 30 RS cells confirms the findings obtained
through visual analysis of cases with o30 H and/or 30 RS cells. On the left the disruption pattern A with significant increase of TRF2 signals and
attrition of telomere signals (either free or still bound to TRF2; see also Figure 2, same case) observed in case 2 is shown. On the right disruption
pattern B with TRF2 attrition but still significantly more telomere is shown. Note that this case (case 8) is not EBV-associated. In two EBV-associated,
LMP1-positive cases (cHL 1, Figures 3a and b) and cHL 10 (Table 2), the TRF2 attrition is even much more pronounced. The total number of very-short-
telomere signals is significantly elevated in disruption pattern B compared to A (P≤ 0.0001), whereas in disruption pattern A the total number of
very-short-TRF2 spots is significantly increased compared to disruption pattern B (P≤ 0.0001). cHL, classical Hodgkin’s lymphoma; EBV, Epstein–Barr virus;
H, Hodgkin cells; LMP1, latent membrane protein 1; RS, Reed–Sternberg cells; TRF2, telomere repeat binding factor 2.
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Disruption Pattern A
Very-short-telomeres, so-called 't-stumps,' a hallmark of
tumor cells,45 were most prominent in the RS cells of this
group. Telomeres were either largely reduced or no longer
detected by Q-FISH in this category (Figure 2b). A total of six
cases showed this pattern, and in three cases with high TRF2
levels (cases 2, 5, and 14) DNA bridges between the nuclei of
RS cells were identifiable. This is of particular interest since
overexpression of TRF2 in HT1080 human fibrosarcoma cells
rapidly leads to telomeric replication stalling, chromosome
end-to-end fusions, and loss of telomeric sequences.32 In this
study, already after the first cell division after TRF2
overexpression ultrafine telomeric anaphase bridges were
observed, followed by significant telomere shortening after
three to four cell divisions.32 This telomere shortening
appears to result from a stochastic loss of large telomeric
sequences. This experimental model of TRF2 overexpression-
induced telomere deletions and chromosome fusions may
explain, our, at a first glance paradoxical-appearing observa-
tion of TRF2 overexpressing, telomere poor, DNA bridges
containing RS cells, which are characteristic of disruption
pattern A.

Disruption Pattern B
We recently described an experimental in vitro system, which
may help to understand the pathogenesis of EBV-associated,

LMP1-expressing HL.14 In this model LMP1 induced down-
regulation of shelterin proteins, especially TRF2, induces
TRF2-poor multinucleated cells. Progressive loss of TRF2
signals was observed during the transition of H to RS cells in
all four LMP1-expressing cHL cases of the current study.
Moreover, there was a significant shift from short to very-
short-telomeres, so-called 't-stumps.'45 'Ghost' RS cells, as
earlier described7,28 were confirmed and these findings were
extended to absence of TRF2. Thus, the results presented here
appear to be a proof-of-principle that LMP1 expression is a
driving element in the formation of H and RS cells in EBV-
associated cHL.14 This appears to be a multistep process
initiating early after EBV infection of B Ly by EBV through
LMP1 targeting the shelterin telomere interaction through
both, displacement of TRF2 from the telomeres18 and
profound TRF2 downregulation.19 LMP1 expression itself is
sustained by accumulation of reactive oxygen species, which
selectively inhibit mRNAs targeting LMP1 transcripts.46

However, TRF2 downregulation at the transcriptional and
translational level leading to telomere de-protection is also
directly induced by miR-23a overexpression.42 Thus, miR-23
or further, still unknown downstream effectors, could further
account for the telomere de-protection of the four EBV-
negative cHL cases presenting the disruption pattern B. Both,
the 'ghost' RS cells of LMP1-expressing and LMP1-negative

Figure 6 Ghost cells observed associated with disruption pattern B. There
is a complete loss of telomere and TRF2 spots in a binucleated, LMP1-
expressing RS cell, whereas the surrounding lymphocytes show a normal
3D telomere/TRF2 interaction. Lower right is a DAPI staining in
transparency mode to optimize morphological aspects. Two lymphocytes
(1,2) are identified. Upper right (telomere) and middle right (TRF2)
demonstrate that the surrounding lymphocytes (1, 2) contain mainly
small to mid-sized telomere with a preserved 1:1 3D interaction with
TRF2. The left panel (transparency mode) reveals a true ghost RS cell
without any telomere and without any TRF2 signals. The lymphocyte
corona serves as an internal control. Ghost RS cells (no telomere/no TRF2)
were also identified in case 8. In case 2 (disruption pattern A) RS cells
with very few telomere signals but still numerous TRF2 spots were
identified. LMP1, latent membrane protein 1; RS, Reed–Sternberg cells;
TRF2, telomere repeat binding factor 2.

Table 2 Quantitative 3D telomere/TRF2 interaction data

Case LMP1 +/− 3D cell analysis
(n)

Signal-ratio
telomere/TRF2

Disruption

H RS Ly H RS Ly Pattern A/B

1 + 7 5 5 2.5a 3.8a 0.8a B

2 − 8 30b 30b 0.4a 0.26b 0.64b A

3 − 16 4 5 1.1a 1.6a 1.2a B

4 − 9 3 30b 1.5a 1.5a 1.22b B

5 − 24 21 5 0.3a 0.2a 0.9a A

6 + 6 2 0 1.0a 1.2a B

7 + 8 2 30b 1.4a 1.5a 1.07b B

8 − 30b 3 5 1.40b 1.8a 1.0a B

9 − 5 5 5 2.0a 3.0a 1.2a B

10 + 30b 8 15 5.80b 6.0a 1.1a B

11 − 30b 30b 5 0.47b 0.37b 1.0a A

12 − 6 3 5 0.6a 0.4a 1.1a A

13 − 6 4 0 0.5a 0.2a A

14 − 8 2 2 0.7a 0.3a 0.9a A

Abbreviations: H, Hodgkin cell; Ly, Lymphocyte; n, number of cells analyzed;
RS, Reed–Sternberg cell.
aAnalysis done by visual counting of 3D pictures (results analogous to results
obtained by TeloView).
bAnalysis by TeloView (30 cells).
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cHL appear to represent end stages of a spectrum of changes
of nuclear DNA organization revealed by 3D super resolution
microscopy (3D SIM) progressing from Ly over mononuclear
H cells to binucleated or finally multinucleated RS cells with
DNA anaphase bridges.10 These 'ghost' cells28 are probably
important, since their proteomics machinery is still actively
working and thus contributing to the inflammatory
(B symptoms) and immunological components of cHL.47–50

In summary, the findings presented here appear to identify
two different mechanisms leading to the formation of H and
RS cells. The shelterin protein TRF2 may act as a key element
in the formation of H and RS cells. Since TRF2 also interacts
with lamin A/C in the maintenance of the 3D genome
organization, profoundly disturbed in H and RS cells, this
interaction needs further investigation by 3D techniques.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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