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Abstract: Epstein–Barr virus (EBV)-encoded latent membrane protein 1 (LMP1) is expressed in
germinal-center-derived, mononuclear Hodgkin (H) and multinuclear, diagnostic Reed–Sternberg
(RS) cells in classical EBV-positive Hodgkin’s lymphoma (cHL). LMP1 expression in EBV-negative
H-cell lines results in a significantly increased number of RS cells. In a conditional,
germinal-center-derived B-cell in vitro system, LMP1 reversibly down-regulates the shelterin
proteins, telomeric repeat binding factor (TRF)1, TRF2, and protection of telomeres (POT)1. This
down-regulation is associated with progressive 3D shelterin disruption, resulting in telomere
dysfunction, progression of complex chromosomal rearrangements, and multinuclearity. TRF2
appears to be the key player. Thus, we hypothesize that the 3D interaction of telomeres and TRF2 is
disrupted in H cells, and directly associated with the formation of H and RS cells. Using quantitative
3D co-immuno-TRF2-telomere fluorescent in situ hybridization (3D TRF2/Telo-Q-FISH) applied to
monolayers of primary H and RS cells, we demonstrate TRF2-telomere dysfunction in EBV-positive
cHL. However, in EBV-negative cHL a second molecular mechanism characterized by massive
up-regulation of TRF2, but attrition of telomere signals, is also identified. These facts point towards a
shelterin-related pathogenesis of cHL, where two molecularly disparate mechanisms converge at the
level of 3D Telomere–TRF2 interactions, leading to the formation of RS cells.
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1. Introduction

LMP1 (latent membrane protein 1) is an Epstein–Barr virus (EBV) encoded multifunctional
oncoprotein, discovered more than 30 years ago [1,2]. The role of EBV in neoplastic transformation, in
particular the role of LMP1, has been known for a long time [3], and the multiple facets of LMP1–host
cell interactions are ever increasing [4]. New directions and alternative scenarios in EBV research have
very recently been addressed in detail [5]. However, a probably seminal discovery, the direct interaction
of the telomere repeat binding factors TRF1 and TRF2 with EBV through three telomere repeat-like
nonamer binding sites (TTAGGGTTA) within the episome maintenance element OriP [6,7], escapes
the attention of traditional EBV reviews. This and other types of viral–host interaction, targeting the
shelterin complex and thus telomeres, are a promising field of ongoing research [8,9]. Telomeric DNA
and the shelterin complex consist of multiple (TTAGGG)n repeats ending in a single stranded-overhang
of the G-rich 3′ strand, and a number of specific proteins, called shelterins, either bind telomeric DNA
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directly or are associated with telomeric chromatin, and are found on telomeres [10–12]. The six human
shelterin proteins are TRF1 (telomeric repeat binding factor 1), TRF2 (telomeric repeat binding factor 2),
POT1 (protection of telomeres 1), TIN2 (TRF1 interacting nuclear protein 2), TPP1 (TIN2 interacting
protein 1), and RAP1 (repressor activator protein 1). TRF1, TRF2, and POT1 directly interact with
telomeric DNA, whereas TIN2, TPP1, and RAP1 interact sterically with the former three to form the
3D telomeric complex (reviewed in [13]).

EBV is associated with classical Hodgkin’s lymphoma (cHL) in about 48% of cases, and the
incidence of EBV-positive, LMP1-expressing cHL is significantly higher in Africa and South America
compared to other regions [14]. EBV-positive cHL shows a higher incidence in children, in males, and
in advanced clinical stages [14]. A negative impact on overall survival has been reported in children
and young adults with advanced stage disease [15], and elderly women [16].

The molecular pathogenesis of cHL has markedly advanced through studies of EBV-negative
Hodgkin cell lines derived from advanced stage disease patients. In EBV-negative cHL, constitutive
activation of the nuclear factor kappa light-chain enhancer of activated B-cells (NF-κB) pathway,
mutations in the genes coding for NF-κB inhibitors, and aberrant Notch signaling activity, play
an important role in the formation of mononuclear Hodgkin (H) and diagnostic, multinuclear
Reed–Sternberg (RS) cells (reviewed in [17]). The JAK/STAT signaling pathway is activated in
H and RS cells either through cytokines, JAK2 chromosomal amplification/rearrangements, or
inactivating mutations of SOCS1, a main inhibitor of STAT activity (reviewed in [18]). On the contrary,
EBV-transformed lymphoblastoid cell lines (LCLs), also characterized by the capacity of infinite growth,
have a diploid non-malignant genotype, are mononuclear, show an activated B-cell phenotype, and
have a high spontaneous apoptosis rate [19,20]. The continuous proliferation of LCLs is possible
through concert interaction of six Epstein-Barr nuclear antigens (EBNAs), three LMPs, and multiple
microRNAs [21]. Obviously, since in EBV-associated cHL the only oncogenic protein expressed is
LMP1, EBV-transformed LCLs are not suitable as models for EBV-positive cHL. An experimental,
pathogenetic system for EBV-associated cHL would need an EBV-negative B-cell line expressing LMP1.

Here, we focus on a recently developed experimental system for EBV-associated cHL and the
dynamic three-dimensional (3D) LMP1–TRF2 interaction identified in the mononuclear Hodgkin
(H) and diagnostic, multinuclear Reed–Sternberg (RS) cells—the malignant tumor cells of classical
cHL [22].

2. Latent Membrane Protein 1 (LMP1) Induces Multinuclearity

In infectious mononucleosis (IM), lymph node biopsies performed for suspected malignancy
reveal, amongst numerous EBER+ small mononuclear lymphocytes, a few bi- or multinucleated
CD30-positive cells, indistinguishable morphologically from RS cells [23]. These cells are
CD15-negative but express the B-cell specific transcription factors BOB.1 and OCT.2, which are absent
in RS cells [24]. When the LMP1 oncogene is transiently expressed in the EBV-negative H-cell lines
L-428 and HD-MyZ, as well as in the human embryonic kidney cell line 293, most of the LMP1
transfectants become multinucleated already after 48 h of culturing, with an increase up to 7 days, and
a few large RS cells still identifiable at day 14 [25,26]. It is noteworthy to mention that the number of
RS cells in H-cell lines (EBV-negative) is generally <5%, the bulk of cells being mononucleated H cells,
and that after transfection with plasmid pSV2-LMP1, the number of LMP1-expressing RS cells and
293 polycaria gradually increases over time up to 70%. This multinuclearity is clearly LMP1-specific
for it is not observed with the empty plasmid or after transient transfection of EBNA1 or EBNA2.
All EBNA1 and EBNA2 transfectants remain mononuclear [3,26]. From these experiments, it was
concluded that LMP1 is a powerful inducer of RS cells in H-cell lines, and of multinuclearity in the
293-cell line. However, the mechanism behind this transition/transformation remains to be elucidated.
It had to be associated with basic mechanisms of cellular biology, since the changes were observed
not only in quite differentiated cells (germinal-center-derived B-cells), but also in a cell line derived
from embryonic kidney. Thus, we hypothesize that multinuclearity is associated with impairment
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of telomere function because H-cell lines harbor multiple chromosomal abnormalities as ectopic
subtelomeres, jumping translocations, Robertsonian translocations, and duplications in the short arms
of acrocentric chromosomes [27], and because large or multiple pericentrin structures are identified in
RS cells of the H-cell line L-428 [28].

3. Assessment of 3D Telomere Dynamics

Telomeres are nucleoprotein complexes at the ends of chromosomes. Telomere DNA consists
of multiple (TTAGGG)n repeats ending in a single-stranded overhang of the G-rich 3′ strand, and a
number of specific proteins called shelterin which either bind telomeric DNA directly or are associated
with telomeric chromatin [10–13]. 3D nuclear telomere organization is cell-cycle dependent, and
telomeres assemble into a disk in the late G2 phase. However, in cancer cells this organization is
disturbed and telomere aggregates are formed [29]. 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 of 200 nm. We have developed quantitative software that enables us to measure the
3D nuclear organization of telomeres [30]. This allows us to determine the 3D nuclear localization
and distribution of telomeres, their size, their numbers, and the presence of telomere aggregates
for each cell. Aggregates are hallmarks of cancer cells [31] and can be induced experimentally by
c-myc overexpression, resulting in end-to-end telomere fusion of chromosomes and the initiation
of subsequent breakage–fusion-bridge (BFB) cycles, resulting in dynamic and ongoing genomic
instability [32]. Three-dimensional super-resolution imaging (3D-SIM) [33] identifies these aggregates
partially as clusters of (extremely) small telomeres [9], so-called “t-stumps” [34], a further marker of
cancer cells. This form of genomic instability is also observed after ex vivo EBV infection of human
B-lymphocytes, and is associated with dysfunctional telomeres due to partial displacement of TRF2 [35],
gain or loss of telomere signals [36], and low levels of TRF1, TRF2, and POT1 [37].

4. In Vitro Model for EBV-Associated Classical Hodgkin’s Lymphoma

In EBV-positive cHL, the H and RS cells permanently express the LMP1 oncoprotein [38], or its
30 or 69 base-pair deletion variants [39]. Hodgkin’s lymphoma (EBV-positive or EBV-negative) is a
germinal center-derived B-cell disease [22,40], and thus we hypothesized that every experimental
cell culture system had to fulfill three criteria in order to mimic the conditions of EBV-associated
cHL: (i) EBV-negative in order to avoid a latency III expression pattern, (ii) germinal center-derived
B-cell origin, and (iii) inducibility of permanent LMP1 expression without leakage. These three
conditions were unified in the EBV-negative, Diffuse Large B-Cell Lymphoma (DLBCL) cell line
BJAB-tTA-LMP1 [41], a kind gift of Martin Rowe. BJAB does not have any proven rearrangement
involving c-myc [42] and expresses only a low steady-state level of c-myc RNA [43]. In agreement
with recent RNA expression profiling, BJAB is now accepted as a germinal center B-cell-derived
(GCB)-DLBCL cell line [44,45]. In this tet-Off system, the stably transfected LMP1 oncogene is
completely suppressed in the presence of tetracycline, but permanently expressed in the absence
of the antibiotic. In the LMP1-suppressed culture, bi- and multinucleated cells comprise a maximum of
13% of the cells, and this percentage remains unchanged from day one until day 21 [46]. However, as
shown in Figure 1, upon LMP1 expression, formation of RS-like multinucleated cells increases already
after 48 h, impressively progresses up to over 30% at day 14, and remains stable until day 21 [46].
This difference is highly significant (p < 0.0001). Most LMP1+ RS-like cells contain three or more nuclei
and are characterized by a high number of very short (<5000 arbitrary fluorescent units) and short
telomeres (5000–15,000 arbitrary fluorescent units) [47].

Figure 2A shows a 3D reconstruction of such a tri-nuclear LMP1+ RS-like cell with >400 telomere
signals at culture day 7, and Figure 2B documents the 3D telomere dynamics of multinucleated LMP1+
RS-like cells in the Burkitt’s lymphoma cell line BJAB-tTA-LMP1 at culture day 9.
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Figure 1. Latent membrane protein 1 (LMP1) expression in BJAB-tTA-LMP1 Burkitt’s lymphoma 
cells is associated with multinuclearity. Original magnification 640×, Zeiss AxioImager Z1 
microscope (Zeiss, Toronto, ON, Canada). (A) LMP1-suppressed transfectants at day 14 still reveal 
uniform Burkitt cell morphology with only rare bi-nucleated or large mononuclear cells. 
Immunostaining with anti-LMP1 MoAb CS1-4 confirms successful LMP1 suppression through 
tetracycline. (B) LMP1-expressing transfectants at day 14 contain multiple Reed–Sternberg-like giant 
cells. Strong LMP1 expression is confirmed with anti-LMP1 MoAb CS1-4. Only one small 
mononuclear cell (arrow) appears not to express LMP1. Note several LMP1-positive vesicles 
(exosomes) at the surface of the top two polycaria. In vivo, such vesicles may influence the tumour 
microenvironment [48]. Photomicrograph performed in parallel during the experiments shown in 
Figure 2 of Lajoie et al. [46].  

Figure 2A shows a 3D reconstruction of such a tri-nuclear LMP1+ RS-like cell with >400 
telomere signals at culture day 7, and Figure 2B documents the 3D telomere dynamics of 
multinucleated LMP1+ RS-like cells in the Burkitt’s lymphoma cell line BJAB-tTA-LMP1 at culture 
day 9. 

 

Figure 1. Latent membrane protein 1 (LMP1) expression in BJAB-tTA-LMP1 Burkitt’s lymphoma cells is
associated with multinuclearity. Original magnification 640×, Zeiss AxioImager Z1 microscope (Zeiss,
Toronto, ON, Canada). (A) LMP1-suppressed transfectants at day 14 still reveal uniform Burkitt cell
morphology with only rare bi-nucleated or large mononuclear cells. Immunostaining with anti-LMP1
MoAb CS1-4 confirms successful LMP1 suppression through tetracycline. (B) LMP1-expressing
transfectants at day 14 contain multiple Reed–Sternberg-like giant cells. Strong LMP1 expression
is confirmed with anti-LMP1 MoAb CS1-4. Only one small mononuclear cell (arrow) appears not to
express LMP1. Note several LMP1-positive vesicles (exosomes) at the surface of the top two polycaria.
In vivo, such vesicles may influence the tumour microenvironment [48]. Photomicrograph performed
in parallel during the experiments shown in Figure 2 of Lajoie et al. [46].
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Figure 2. LMP1-induced telomere dynamics of multinucleated Reed–Sternberg (RS)-like cells. (A) 3D 
identification of disturbed nuclear telomere organization in a tri-nuclear LMP1-expressing Reed–
Sternberg-like BJAB-tTA-LMP1 cell (upper left). Three-dimensional reconstruction of nuclear DNA 
(DAPI, blue) in surface mode reveals three nuclei (1–3). Three-dimensional telomere (red) 
reconstruction in surface mode (lower left) reveals abundant, irregularly distributed telomeres and 
two aggregates (asterix). Three-dimensional telomere identification in surface mode (right) against a 
white background (increases contrast and enhances visibility of short telomeres) identifies a total of 
409 telomeres and confirms two large aggregates (asterix). (B). Telomere distribution according to 
size. Results are based on 3D analysis of 30 cells for each time point. Frequency (y-axis) and relative 
fluorescent intensity (i.e., size of telomeres (x-axis)) reveal individual telomere profiles at day 9. 
Telomeres with a relative fluorescent intensity (x-axis) ranging from 0 to 5000 arbitrary fluorescent 
units are classified as very short, with an intensity ranging from 5000 to 15,000 units classified as 
short, an intensity from 15,000 to 30,000 units classified as mid-sized, and an intensity >30,000 units 
classified as large [47]. LMP1 expression induces multinucleated RS-like cells with abundant very 
short and short telomeres already at day 9 when compared to LMP1-suppressed cells. 
Photomicrograph (A) and telomere plot (B) performed in parallel during the experiment shown in 
Figures 3 and 4 of Lajoie et al. [46].  

The dramatic changes in telomere dynamics are documented not only by a significant increase 
of cellular volume (<0.0001), number of telomeres per cell (<0.0001), and telomere aggregates 
(<0.0001), but also by a significant reduction of telomeres per 1000 μm3 of nuclear volume (0.007) 
[46]. Knowing that 3D-SIM imaging identifies large aggregates partially as clusters of (extremely) 
small telomeres [9], the kinetics are in favor of a substantial increase of very small telomeres 
(t-stumps). The most surprising findings are the LMP1-induced changes in expression levels of the 
shelterin RNAs and proteins, known to bind directly to the telomeres [46]. LMP1 expression rapidly 
reduces the TRF1, TRF2, and POT1 mRNA levels significantly (p < 0.05)—TRF1 and TRF2 from day 3 
onwards, and POT1 from day 7 onwards. This suppression still persists at day 14. Moreover, this 
suppression is reversible, i.e., addition of tetracycline at day 3 or day 7 to the LMP1-expressing 
cultured cells completely restores the initial RNA levels measured at day one. Analogous findings 
are confirmed at the protein level by Western blotting [46]. The most prominent changes in LMP1 
expression are identified in TRF2 RNA and protein kinetics: TRF2 protein is barely detectable in 
many RS-like multinucleated cells at day 14. Thus, we hypothesize that TRF2 reduction is tightly 
associated with multinuclearity. Proof that down-regulation of TRF2 is the key player in the 

Figure 2. LMP1-induced telomere dynamics of multinucleated Reed–Sternberg (RS)-like cells.
(A) 3D identification of disturbed nuclear telomere organization in a tri-nuclear LMP1-expressing
Reed–Sternberg-like BJAB-tTA-LMP1 cell (upper left). Three-dimensional reconstruction of nuclear
DNA (DAPI, blue) in surface mode reveals three nuclei (1–3). Three-dimensional telomere (red)
reconstruction in surface mode (lower left) reveals abundant, irregularly distributed telomeres and
two aggregates (asterix). Three-dimensional telomere identification in surface mode (right) against
a white background (increases contrast and enhances visibility of short telomeres) identifies a total
of 409 telomeres and confirms two large aggregates (asterix). (B). Telomere distribution according
to size. Results are based on 3D analysis of 30 cells for each time point. Frequency (y-axis) and
relative fluorescent intensity (i.e., size of telomeres (x-axis)) reveal individual telomere profiles at day
9. Telomeres with a relative fluorescent intensity (x-axis) ranging from 0 to 5000 arbitrary fluorescent
units are classified as very short, with an intensity ranging from 5000 to 15,000 units classified as
short, an intensity from 15,000 to 30,000 units classified as mid-sized, and an intensity >30,000 units
classified as large [47]. LMP1 expression induces multinucleated RS-like cells with abundant very short
and short telomeres already at day 9 when compared to LMP1-suppressed cells. Photomicrograph
(A) and telomere plot (B) performed in parallel during the experiment shown in Figures 3 and 4 of
Lajoie et al. [46].

The dramatic changes in telomere dynamics are documented not only by a significant increase of
cellular volume (<0.0001), number of telomeres per cell (<0.0001), and telomere aggregates (<0.0001),
but also by a significant reduction of telomeres per 1000 µm3 of nuclear volume (0.007) [46]. Knowing
that 3D-SIM imaging identifies large aggregates partially as clusters of (extremely) small telomeres [9],
the kinetics are in favor of a substantial increase of very small telomeres (t-stumps). The most surprising
findings are the LMP1-induced changes in expression levels of the shelterin RNAs and proteins, known
to bind directly to the telomeres [46]. LMP1 expression rapidly reduces the TRF1, TRF2, and POT1
mRNA levels significantly (p < 0.05)—TRF1 and TRF2 from day 3 onwards, and POT1 from day
7 onwards. This suppression still persists at day 14. Moreover, this suppression is reversible, i.e.,
addition of tetracycline at day 3 or day 7 to the LMP1-expressing cultured cells completely restores
the initial RNA levels measured at day one. Analogous findings are confirmed at the protein level by
Western blotting [46]. The most prominent changes in LMP1 expression are identified in TRF2 RNA
and protein kinetics: TRF2 protein is barely detectable in many RS-like multinucleated cells at day
14. Thus, we hypothesize that TRF2 reduction is tightly associated with multinuclearity. Proof that
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down-regulation of TRF2 is the key player in the formation of multinuclear RS-like cells is provided
through blocking this LMP1-induced multinuclearity by LMP1 independent TRF2 expression [46].

When extending the analysis to the nuclear chromosome organization of
BJAB-tTA-LMP1-expressing cells at day one and day 14 (supplementary material in [46]) using
spectral karyotyping (SKY) [49] and comparing them to BJAB-tTA-LMP1-suppressed cells at day 14,
significant differences are observed. In the LMP1 expressers, giant cells with complex chromosomal
aberrations and up to 316 chromosomes, but also “ghost” cells with <20 chromosomes, are identified.
On the contrary, BJAB-tTA-LMP1-suppressed cells show much less variation in chromosome number
(between 44 and 58) and long BFB (breakage–fusion-bridge) “zebra” chromosomes [50] are significantly
less frequent (5 in 15 cells compared to 21 in 18 cells for the LMP1+ multinucleated RS-like cells).
In summary, in a germinal-center-derived B-cell setting, permanent LMP1 oncoprotein expression
induces multinuclearity and is associated with the appearance of complex chromosomal abnormalities
and formation of “zebra” chromosomes. Essential for this is the LMP1-induced down-regulation of
TRF2—a key player at the chromosome ends [51].

5. Combined 3D Immuno TRF2/Telo-Q-FISH of Primary H and RS Cells

To further test our hypothesis that the 3D interaction of telomeres and TRF2 is disrupted in H cells
and directly associated with the formation of H and RS cells, and to further explore the aforementioned
LMP1-mediated changes, we developed a combined quantitative 3D TRF2-telomere immune FISH
technique (3D TRF2/Telo-Q-FISH) protocol [52]. We applied this technique to monolayers of primary
H and RS cells, including surrounding reactive lymphocytes from diagnostic lymph node biopsy
suspensions, allowing 3D analysis of the entire nuclear content [53], often not achieved using laser
microdissection of H and RS cells, given that their nuclei are generally >10 µm in diameter and
that this technique is performed on 5 µm sections. The results of 14 patient biopsies, four of them
LMP1-positive, were just published [53]. Three additional biopsies (one LMP1-positive) have been
analyzed (unpublished). The use of monolayers of whole cells has two major advantages: (i) the
entire nuclear content of large, multinucleated RS is available for analysis; and (ii) the surrounding
non-neoplastic (reactive) lymphocytes serve as an internal control. Our results show that the 3D
steric interaction between telomeres and TRF2 is progressively disrupted from H to RS cells and
that, surprisingly, two different (opposite) mechanisms are involved [53]. In the five EBV-associated,
LMP1-expressing cases of cHL, marked loss of TRF2 signals physically linked to telomeres is observed.
The signal-ratio telomere/TRF2 per case varies from 1 to 5.8 (mean 2.5) in the H cells and from 1.2 to 6
(mean 3.0) in the RS cells, resulting in progressive telomere de-protection during the transition from
H to RS cells (Figure 3). This EBV- associated pattern (disruption pattern B) is also identified in four
EBV-negative cHL biopsies.

This direct 3D telomere–TRF2 interaction pattern corresponds to the one observed in our in vitro
model for LMP1-induced H and RS cell formation in the setting of EBV-positive cHL [46]. On the
contrary, in eight of the 12 EBV-negative cases of cHL, an attrition of telomere signals is associated with
a massive increase of TRF2 signals no longer associated with telomeres. The signal-ratio telomere/TRF2
per case varies from 0.3 to 0.8 (mean 0.5) in the H cells and from 0.2 to 0.4 (mean 0.3) in the RS cells,
resulting in an increasing number of free TRF2 signals during the transition from H to RS cells (Figure 4).
Three of these cases had an aggressive clinical course, and in two of them DNA bridges between the
nuclei of individual RS cells were observed (supplementary material in [46]). Analogous DNA bridges
are documented in RS cells of the H cell line HDLM-2 [50,54].
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Figure 3. Three-dimensional Telomere de-protection in Epstein–Barr virus (EBV)-associated 
LMP1-expressing classical Hodgkin’s lymphoma (cHL) (disruption pattern B). Progressive attrition 
of telomeric repeat binding factor 2 (TRF2) spots occurs in LMP1-positive cHL during the transition 
from mononuclear Hodgkin (H) to RS cells. (A) Complete 3D reconstitution of large mononuclear H 
cell and lymphocyte corona (left) with nuclear DNA (blue), telomere (red), TRF2 (green), and 
telomere–TRF2 overlay (orange) signals is shown in transparency mode. The H cell shows several 
DNA-poor spaces and only few telomere and TRF2 signals, whereas the surrounding reactive 
lymphocytes (1,2) contain numerous small to midsized orange signals serving as internal control for 
tight 1:1 association of telomere/TRF2 signals. The TRF2 signal spots of lymphocytes 1 and 2 (upper 
right) and telomere signals (lower right) in surface mode show identical intensity and congruent 
localization in benign lymphoid cells. (B) On the left, the same complete 3D nuclear reconstitution 
(DAPI: white for better contrast) of large mononuclear H cell and lymphocyte corona (1,2) as in A. 
The two arrows serve as sentinel tags for better localization of the H cell on the right panel. 
Three-dimensional TRF2 (upper right) and telomere (lower right) identification in surface mode 
against a white background increases contrast and enhances visibility of short telomeres. The large H 
cell shows numerous small telomere signals without associated TRF2 signals and a partial 
dissociation of some TRF2 signals from the telomeres. Photomicrograph performed during case 
analysis as shown in Figure 4 of Knecht et al. [53].  

Figure 3. Three-dimensional Telomere de-protection in Epstein–Barr virus (EBV)-associated
LMP1-expressing classical Hodgkin’s lymphoma (cHL) (disruption pattern B). Progressive attrition of
telomeric repeat binding factor 2 (TRF2) spots occurs in LMP1-positive cHL during the transition from
mononuclear Hodgkin (H) to RS cells. (A) Complete 3D reconstitution of large mononuclear H cell and
lymphocyte corona (left) with nuclear DNA (blue), telomere (red), TRF2 (green), and telomere–TRF2
overlay (orange) signals is shown in transparency mode. The H cell shows several DNA-poor spaces
and only few telomere and TRF2 signals, whereas the surrounding reactive lymphocytes (1,2) contain
numerous small to midsized orange signals serving as internal control for tight 1:1 association of
telomere/TRF2 signals. The TRF2 signal spots of lymphocytes 1 and 2 (upper right) and telomere
signals (lower right) in surface mode show identical intensity and congruent localization in benign
lymphoid cells. (B) On the left, the same complete 3D nuclear reconstitution (DAPI: white for better
contrast) of large mononuclear H cell and lymphocyte corona (1,2) as in A. The two arrows serve as
sentinel tags for better localization of the H cell on the right panel. Three-dimensional TRF2 (upper
right) and telomere (lower right) identification in surface mode against a white background increases
contrast and enhances visibility of short telomeres. The large H cell shows numerous small telomere
signals without associated TRF2 signals and a partial dissociation of some TRF2 signals from the
telomeres. Photomicrograph performed during case analysis as shown in Figure 4 of Knecht et al. [53].
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6. Summary 

Our findings in EBV-positive cHL confirm the in vitro observations that permanent LMP1 
expression leads to downregulation of TRF2, telomere shortening, and multinuclearity. This 
mechanism is also observed in some EBV-negative cHL cases. Surprisingly, there is a second, 
opposite mechanism at work, associated with massive TRF2 upregulation and telomere loss. 
However, both molecularly disparate mechanisms converge at the level of 3D telomere–TRF2 
interaction in the formation of RS cells, consistent with the hypothesis that cHL is a 
telomere-shelterin-related malignant lymphoma. 

These above mentioned paradoxically opposite scenarios are supported by recent findings in 
molecular TRF2 research [51]. TRF2 deletion elicits an ataxia telangiectasia mutated 
(ATM)-mediated telomere damage response with γ-H2AX up-regulation, resulting in telomere 
fusions and consequently giant chromosomes in mouse fibroblasts [55] as well as in endoreplication 
and giant hepatocytes [56,57]. Thus, TRF2 expression is essential to avoid nonhomologous 
end-joining (NHEJ) recombination leading to giant chromosomes, hyperploidy, and endomitosis 
[55,58]. Indeed, γ-H2AX accumulation, giant chromosomes, hyperploidy, and endomitosis, are 
identified in RS cells of H-cell lines [50,59] and patient biopsies [53,59]. Thus, LMP1-induced 
downregulation of TRF2 (i.e., disruption pattern B) as found in EBV-associated cHL, is well 
supported by basic TRF2 research results. 

On the other hand, TRF2 topologically stabilizes the 3′ single-stranded DNA overhang through 
DNA wrapping at t-loops [60], and is involved in the formation of t-loops at interstitial telomere 
repeat sequences which associate with lamin [61], primordial in the maintenance of 3D genome 
organization [62]. Most importantly, elevated levels of TRF2 induce telomeric anaphase bridges and 
rapid telomere deletions, emphasizing the importance of TRF2 for the interaction of 3D nuclear 

Figure 4. Substantial increase of unbound (free) TRF2 signals (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 as shown in this EBV-negative, aggressive cHL case. Complete 3D reconstitution of
tri-nuclear RS cell and lymphocyte corona (upper left) with nuclear DNA (blue), telomere (red), TRF2
(green), and telomere–TRF2 overlay (orange) signals is shown in transparency mode. Mainly unbound
(free) TRF2 signals are identified in the RS cell, whereas 1:1 telomere/TRF2 complexes are identified
in the reactive lymphocytes. Lower left shows the same complete 3D nuclear reconstitution of the
RS cell and lymphocyte corona (DAPI: white for better contrast). Arrows identify two satellite nuclei.
Three-dimensional TRF2 reconstitution in surface mode (upper right) confirms numerous unbound
(free) TRF2 signals in the RS cell when compared 3D telomeres (lower right). Again, the reactive
lymphocytes show a tight 1:1 association of telomere/TRF2 signals. Photomicrograph performed
during case analysis as shown in Figure 2 of Knecht et al. [53].

6. Summary

Our findings in EBV-positive cHL confirm the in vitro observations that permanent LMP1
expression leads to downregulation of TRF2, telomere shortening, and multinuclearity. This mechanism
is also observed in some EBV-negative cHL cases. Surprisingly, there is a second, opposite mechanism
at work, associated with massive TRF2 upregulation and telomere loss. However, both molecularly
disparate mechanisms converge at the level of 3D telomere–TRF2 interaction in the formation of RS
cells, consistent with the hypothesis that cHL is a telomere-shelterin-related malignant lymphoma.

These above mentioned paradoxically opposite scenarios are supported by recent findings in
molecular TRF2 research [51]. TRF2 deletion elicits an ataxia telangiectasia mutated (ATM)-mediated
telomere damage response with γ-H2AX up-regulation, resulting in telomere fusions and consequently
giant chromosomes in mouse fibroblasts [55] as well as in endoreplication and giant hepatocytes [56,57].
Thus, TRF2 expression is essential to avoid nonhomologous end-joining (NHEJ) recombination leading
to giant chromosomes, hyperploidy, and endomitosis [55,58]. Indeed, γ-H2AX accumulation, giant
chromosomes, hyperploidy, and endomitosis, are identified in RS cells of H-cell lines [50,59] and
patient biopsies [53,59]. Thus, LMP1-induced downregulation of TRF2 (i.e., disruption pattern B) as
found in EBV-associated cHL, is well supported by basic TRF2 research results.

On the other hand, TRF2 topologically stabilizes the 3′ single-stranded DNA overhang through
DNA wrapping at t-loops [60], and is involved in the formation of t-loops at interstitial telomere
repeat sequences which associate with lamin [61], primordial in the maintenance of 3D genome
organization [62]. Most importantly, elevated levels of TRF2 induce telomeric anaphase bridges and
rapid telomere deletions, emphasizing the importance of TRF2 for the interaction of 3D nuclear
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structure and function [63]. In this in vitro system, overexpression of TRF2 in HT1080 human
fibrosarcoma cells rapidly leads to telomeric replication stalling, loss of telomeric sequences, and
chromosome end-to-end fusions. Already after the first cell division after TRF2 over-expression,
ultrafine telomeric anaphase bridges were observed, followed by significant telomere shortening after
three to four cell divisions [63]. In analogy, DNA bridges between the nuclei of RS cells are identifiable
in biopsies with EBV-negative cHL and significantly upregulated TRF2 signals (disruption pattern
A) ([53], supplementary material) as well as in H cell lines [50,54]. Indeed, failing abscission without
cytokinesis at the origin of binucleated RS cells, after division of mononuclear H cells, has recently
been documented in time-lapse movies of the Hodgkin cell line KMH2 [64], thus confirming earlier
observations that RS cells originate from single mononuclear H cells [65] and that RS cells do not
represent cell fusions [66]. Furthermore, time-lapse movies identified apoptosis in H and RS cells [64],
confirming that H and RS cells undergoing apoptosis are quite frequent (mean apoptotic index of
19%) in patient biopsies [67]. Whether or not the recently discovered telomere zinc finger-associated
protein TZAP [68], which competitively binds (with TRF2 and TRF1) to telomeres, is associated with
this rapid telomere trimming, is unknown. However, the near future will tell us whether TZAP plays
an important role in the disruption pattern A.

In summary, the data presented in this review strongly support the notion of cHL as the first
shelterin-telomere-related malignant lymphoma where LMP1 and TRF2 act as key players.

Author Contributions: Both authors contributed equally to the review.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Fennewald, S.; van Santen, V.; Kieff, E. Nucleotide sequence of an mRNA transcribed in latent
growth-transforming virus infection indicates that it may encode a membrane protein. J. Virol. 1984,
51, 411–419. [PubMed]

2. Wang, D.; Liebowitz, D.; Kieff, E. An EBV membrane protein expressed in immortalized lymphocytes
transforms established rodent cells. Cell 1985, 43, 831–840. [CrossRef]

3. Knecht, H.; Berger, C.; Rothenberger, S.; Odermatt, B.F.; Brousset, P. The role of Epstein-Barr virus in
neoplastic transformation. Oncology 2001, 60, 289–302. [CrossRef] [PubMed]

4. Kieser, A.; Sterz, K.R. The Latent Membrane Protein 1 (LMP1). Curr. Top. Microbiol. Immunol. 2015, 391,
119–149. [PubMed]

5. Minarovits, J.; Niller, H.H. Current Trends and Alternative Scenarios in EBV Research. Methods Mol. Biol.
2017, 1532, 1–32. [PubMed]

6. Deng, Z.; Lezina, L.; Chen, C.J.; Shtivelband, S.; So, W.; Lieberman, P.M. Telomeric proteins regulate episomal
maintenance of Epstein-Barr virus origin of plasmid replication. Mol. Cell 2002, 9, 493–503. [CrossRef]

7. Deng, Z.; Atanasiu, C.; Burg, J.S.; Broccoli, D.; Lieberman, P.M. Telomere repeat binding factors TRF1, TRF2,
and hRAP1 modulate replication of Epstein-Barr virus OriP. J. Virol. 2003, 77, 11992–12001. [CrossRef]
[PubMed]

8. Deng, Z.; Wang, Z.; Lieberman, P.M. Telomeres and viruses: Common themes of genome maintenance.
Front. Oncol. 2012, 2, 201. [CrossRef] [PubMed]

9. Knecht, H.; Righolt, C.; Mai, S. Genomic instability: The driving force behind refractory/relapsing Hodgkin’s
lymphoma. Cancers 2013, 5, 714–725. [CrossRef] [PubMed]

10. De Lange, T. Shelterin: The protein complex that shapes and safeguards human telomeres. Genes Dev. 2005,
19, 2100–2110. [CrossRef] [PubMed]

11. Hug, N.; Lingner, J. Telomere length homeostasis. Chromosoma 2006, 115, 413–425. [CrossRef] [PubMed]
12. Londoño-Vallejo, J.A.; Wellinger, R.J. Telomeres and telomerase dance to the rhythm of the cell cycle.

Trends Biochem. Sci. 2012, 37, 391–399. [CrossRef] [PubMed]
13. Armanios, M.; Blackburn, E.H. The telomere syndromes. Nat. Rev. Genet. 2012, 13, 693–704. [CrossRef]

[PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/6086953
http://dx.doi.org/10.1016/0092-8674(85)90256-9
http://dx.doi.org/10.1159/000058523
http://www.ncbi.nlm.nih.gov/pubmed/11408795
http://www.ncbi.nlm.nih.gov/pubmed/26428373
http://www.ncbi.nlm.nih.gov/pubmed/27873264
http://dx.doi.org/10.1016/S1097-2765(02)00476-8
http://dx.doi.org/10.1128/JVI.77.22.11992-12001.2003
http://www.ncbi.nlm.nih.gov/pubmed/14581536
http://dx.doi.org/10.3389/fonc.2012.00201
http://www.ncbi.nlm.nih.gov/pubmed/23293769
http://dx.doi.org/10.3390/cancers5020714
http://www.ncbi.nlm.nih.gov/pubmed/24216998
http://dx.doi.org/10.1101/gad.1346005
http://www.ncbi.nlm.nih.gov/pubmed/16166375
http://dx.doi.org/10.1007/s00412-006-0067-3
http://www.ncbi.nlm.nih.gov/pubmed/16741708
http://dx.doi.org/10.1016/j.tibs.2012.05.004
http://www.ncbi.nlm.nih.gov/pubmed/22727244
http://dx.doi.org/10.1038/nrg3246
http://www.ncbi.nlm.nih.gov/pubmed/22965356


Viruses 2017, 9, 164 10 of 12

14. Lee, J.H.; Kim, Y.; Choi, J.W.; Kim, Y.S. Prevalence and prognostic significance of Epstein-Barr virus infection
in classical Hodgkin’s lymphoma: A meta-analysis. Arch. Med. Res. 2014, 45, 417–431. [CrossRef] [PubMed]

15. Claviez, A.; Tiemann, M.; Lüders, H.; Krams, M.; Parwaresch, R.; Schellong, G.; Dörffel, W. Impact of latent
Epstein-Barr virus infection on outcome in children and adolescents with Hodgkin’s lymphoma. J. Clin.
Oncol. 2005, 23, 4048–4056. [CrossRef] [PubMed]

16. Clarke, C.A.; Glaser, S.L.; Dorfman, R.F.; Mann, R.; DiGiuseppe, J.A.; Prehn, A.W.; Ambinder, R.F.
Epstein-Barr virus and survival after Hodgkin disease in a population-based series of women. Cancer
2001, 91, 1579–1587. [CrossRef]

17. Schwarzer, R.; Jundt, F. Notch and NF-κB signaling pathways in the biology of classical Hodgkin lymphoma.
Curr. Mol. Med. 2011, 11, 236–245. [CrossRef] [PubMed]

18. Matsuki, E.; Younes, A. Lymphomagenesis in Hodgkin lymphoma. Semin. Cancer Biol. 2015, 34, 14–21.
[CrossRef] [PubMed]

19. Nilsson, K. Human B-lymphoid cell lines. Hum. Cell 1992, 5, 25–41. [PubMed]
20. Satoh, M.; Yasuda, T.; Higaki, T.; Goto, M.; Tanuma, S.; Ide, T.; Furuichi, Y.; Sugimoto, M. Innate apoptosis

of human B lymphoblasts transformed by Epstein-Barr virus: Modulation by cellular immortalization and
senescence. Cell Struct. Funct. 2003, 28, 61–70. [CrossRef] [PubMed]

21. Zhou, H.; Schmidt, S.C.; Jiang, S.; Willox, B.; Bernhardt, K.; Liang, J.; Johannsen, E.C.; Kharchenko, P.;
Gewurz, B.E.; Kieff, E.; et al. Epstein-Barr virus oncoprotein super-enhancers control B cell growth. Cell Host
Microbe 2015, 17, 205–216. [CrossRef] [PubMed]

22. Küppers, R. New insights in the biology of Hodgkin lymphoma. Hematol. Am. Soc. Hematol. Educ. Progr.
2012, 2012, 328–334.

23. Knecht, H.; Brousset, P.; Bachmann, E.; Sandvej, K.; Odermatt, B.F. Latent membrane protein 1: A key
oncogene in EBV-related carcinogenesis? Acta Haematol. 1993, 90, 167–171. [CrossRef] [PubMed]

24. Louissaint, A., Jr.; Ferry, J.A.; Soupir, C.P.; Hasserjian, R.P.; Harris, N.L.; Zukerberg, L.R. Infectious
mononucleosis mimicking lymphoma: Distinguishing morphological and immunophenotypic features.
Mod. Pathol. 2012, 25, 1149–1159. [CrossRef] [PubMed]

25. Knecht, H.; McQuain, C.; Martin, J.; Rothenberger, S.; Drexler, H.G.; Berger, C.; Bachmann, E.; Kittler, E.L.;
Odermatt, B.F.; Quesenberry, P.J. Expression of the LMP1 oncoprotein in the EBV negative Hodgkin’s disease
cell line L-428 is associated with Reed-Sternberg cell morphology. Oncogene 1996, 13, 947–953. [PubMed]

26. Knecht, H.; Berger, C.; McQuain, C.; Rothenberger, S.; Bachmann, E.; Martin, J.; Esslinger, C.; Drexler, H.G.;
Cai, Y.C.; Quesenberry, P.J.; et al. Latent membrane protein 1 associated signaling pathways are important
in tumor cells of Epstein-Barr virus negative Hodgkin’s disease. Oncogene 1999, 18, 7161–7167. [CrossRef]
[PubMed]

27. MacLeod, R.A.; Spitzer, D.; Bar-Am, I.; Sylvester, J.E.; Kaufmann, M.; Wernich, A.; Drexler, H.G. Karyotypic
dissection of Hodgkin’s disease cell lines reveals ectopic subtelomeres and ribosomal DNA at sites of multiple
jumping translocations and genomic amplification. Leukemia 2000, 14, 1803–1814. [CrossRef] [PubMed]

28. Pihan, G.A.; Purohit, A.; Wallace, J.; Knecht, H.; Woda, B.; Quesenberry, P.; Doxsey, S.J. Centrosome defects
and genetic instability in malignant tumors. Cancer Res. 1998, 58, 3974–3985. [PubMed]

29. Chuang, T.C.; Moshir, S.; Garini, Y.; Chuang, A.Y.; Young, I.T.; Vermolen, B.; van den Doel, R.; Mougey, V.;
Perrin, M.; Braun, M.; et al. The three-dimensional organization of telomeres in the nucleus of mammalian
cells. BMC Biol. 2004, 2, 12. [CrossRef] [PubMed]

30. Vermolen, B.J.; Garini, Y.; Mai, S.; Mougey, V.; Fest, T.; Chuang, T.C.; Chuang, A.Y.; Wark, L.; Young, I.T.
Characterizing the three-dimensional organization of telomeres. Cytometry Part A 2005, 67, 144–150.
[CrossRef] [PubMed]

31. Mai, S.; Garini, Y. The significance of telomeric aggregates in the interphase nuclei of tumor cells. J. Cell
Biochem. 2006, 97, 904–915. [CrossRef] [PubMed]

32. Louis, S.F.; Vermolen, B.J.; Garini, Y.; Young, I.T.; Guffei, A.; Lichtensztejn, Z.; Kuttler, F.; Chuang, T.C.;
Moshir, S.; Mougey, V.; et al. c-Myc induces chromosomal rearrangements through telomere and chromosome
remodeling in the interphase nucleus. Proc. Natl. Acad. Sci. USA 2005, 102, 9613–9618. [CrossRef] [PubMed]

33. Schermelleh, L.; Carlton, P.M.; Haase, S.; Shao, L.; Winoto, L.; Kner, P.; Burke, B.; Cardoso, M.C.; Agard, D.A.;
Gustafsson, M.G.; et al. Subdiffraction multicolor imaging of the nuclear periphery with 3D structured
illumination microscopy. Science 2008, 320, 1332–1336. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.arcmed.2014.06.001
http://www.ncbi.nlm.nih.gov/pubmed/24937173
http://dx.doi.org/10.1200/JCO.2005.01.701
http://www.ncbi.nlm.nih.gov/pubmed/15961758
http://dx.doi.org/10.1002/1097-0142(20010415)91:8&lt;1579::AID-CNCR1169&gt;3.0.CO;2-L
http://dx.doi.org/10.2174/156652411795243423
http://www.ncbi.nlm.nih.gov/pubmed/21375490
http://dx.doi.org/10.1016/j.semcancer.2015.02.002
http://www.ncbi.nlm.nih.gov/pubmed/25725205
http://www.ncbi.nlm.nih.gov/pubmed/1329931
http://dx.doi.org/10.1247/csf.28.61
http://www.ncbi.nlm.nih.gov/pubmed/12655152
http://dx.doi.org/10.1016/j.chom.2014.12.013
http://www.ncbi.nlm.nih.gov/pubmed/25639793
http://dx.doi.org/10.1159/000204451
http://www.ncbi.nlm.nih.gov/pubmed/8140854
http://dx.doi.org/10.1038/modpathol.2012.70
http://www.ncbi.nlm.nih.gov/pubmed/22627742
http://www.ncbi.nlm.nih.gov/pubmed/8806684
http://dx.doi.org/10.1038/sj.onc.1203177
http://www.ncbi.nlm.nih.gov/pubmed/10597317
http://dx.doi.org/10.1038/sj.leu.2401894
http://www.ncbi.nlm.nih.gov/pubmed/11021756
http://www.ncbi.nlm.nih.gov/pubmed/9731511
http://dx.doi.org/10.1186/1741-7007-2-12
http://www.ncbi.nlm.nih.gov/pubmed/15176976
http://dx.doi.org/10.1002/cyto.a.20159
http://www.ncbi.nlm.nih.gov/pubmed/16163697
http://dx.doi.org/10.1002/jcb.20760
http://www.ncbi.nlm.nih.gov/pubmed/16408280
http://dx.doi.org/10.1073/pnas.0407512102
http://www.ncbi.nlm.nih.gov/pubmed/15983382
http://dx.doi.org/10.1126/science.1156947
http://www.ncbi.nlm.nih.gov/pubmed/18535242


Viruses 2017, 9, 164 11 of 12

34. Xu, L.; Blackburn, E.H. Human cancer cells harbour T-stumps, a distinct class of extremely short telomeres.
Mol. Cell 2007, 28, 315–327. [CrossRef] [PubMed]

35. Lacoste, S.; Wiechec, E.; dos Santos Silva, A.G.; Guffei, A.; Williams, G.; Lowbeer, M.; Benedek, K.;
Henriksson, M.; Klein, G.; Mai, S. Chromosomal rearrangements after ex vivo Epstein-Barr virus (EBV)
infection of human B cells. Oncogene 2010, 29, 503–515. [CrossRef] [PubMed]

36. Kamranvar, S.A.; Masucci, M.G. The Epstein-Barr virus nuclear antigen-1 promotes telomere dysfunction
via induction of oxidative stress. Leukemia 2011, 25, 1017–1025. [CrossRef] [PubMed]

37. Kamranvar, S.A.; Chen, X.; Masucci, M.G. Telomere dysfunction and activation of alternative lengthening
of telomeres in B-lymphocytes infected by Epstein-Barr virus. Oncogene 2013, 32, 5522–5530. [CrossRef]
[PubMed]

38. Pallesen, G.; Hamilton-Dutoit, S.J.; Rowe, M.; Young, L.S. Expression of Epstein-Barr virus latent gene
products in tumour cells of Hodgkin’s disease. Lancet 1991, 337, 320–322. [CrossRef]

39. Knecht, H.; Bachmann, E.; Brousset, P.; Sandvej, K.; Nadal, D.; Bachmann, F.; Odermatt, B.F.; Delsol, G.;
Pallesen, G. Deletions within the LMP1 oncogene of Epstein-Barr virus are clustered in Hodgkin’s disease
and identical to those observed in nasopharyngeal carcinoma. Blood 1993, 82, 2937–2942. [PubMed]

40. Thorley-Lawson, D.; Gross, A. Persistence of the Epstein-Barr virus and the origins of associated lymphomas.
N. Engl. J. Med. 2004, 350, 1328–1337. [CrossRef] [PubMed]

41. Floettmann, J.E.; Ward, K.; Rickinson, A.B.; Rowe, M. Cytostatic effect of Epstein-Barr virus latent membrane
protein-1 analyzed using tetracycline-regulated expression in B cell lines. Virology 1996, 223, 29–40. [CrossRef]
[PubMed]

42. Glazer, P.M.; Summers, W.C. Oncogene expression in isogenic, EBV-positive and -negative Burkitt lymphoma
cell lines. Intervirology 1985, 23, 82–89. [CrossRef] [PubMed]

43. Wennborg, A.; Aman, P.; Saranath, D.; Pear, W.; Sümegi, J.; Klein, G. Conversion of the lymphoma line
“BJAB” by Epstein-Barr virus into phenotypically altered sublines is accompanied by increased c-myc mRNA
levels. Int. J. Cancer 1987, 40, 202–206. [CrossRef] [PubMed]

44. Kalaitzidis, D.; Davis, R.E.; Rosenwald, A.; Staudt, L.M.; Gilmore, T.D. The human B-cell lymphoma cell
line RC-K8 has multiple genetic alterations that dysregulate the Rel/NF-κB signal transduction pathway.
Oncogene 2002, 21, 8759–8768. [CrossRef] [PubMed]

45. Ngo, V.N.; Davis, R.E.; Lamy, L.; Yu, X.; Zhao, H.; Lenz, G.; Lam, L.T.; Dave, S.; Yang, L.; Powell, J.; et al.
A loss-of-function RNA interference screen for molecular targets in cancer. Nature 2006, 441, 106–110.
[CrossRef] [PubMed]

46. Lajoie, V.; Lemieux, B.; Sawan, B.; Lichtensztejn, D.; Lichtensztejn, Z.; Wellinger, R.; Mai, S.; Knecht, H.
LMP1 mediates multinuclearity through downregulation of shelterin proteins and formation of telomeric
aggregates. Blood 2015, 125, 2101–2110. [CrossRef] [PubMed]

47. Knecht, H.; Sawan, B.; Lichtensztejn, Z.; Lichtensztejn, D.; Mai, S. 3D Telomere FISH defines LMP1 expressing
Reed-Sternberg Cells as End-Stage Cells with Telomere-poor “Ghost” Nuclei and very short Telomeres.
Lab. Investig. 2010, 90, 611–619. [CrossRef] [PubMed]

48. Khan, G.; Philip, P.S. Functional analysis of exosomes derived from EBV-infected cells. Methods Mol. Biol.
2017, 1532, 159–167. [PubMed]

49. Schröck, E.; du Manoir, S.; Veldman, T.; Schoell, B.; Wienberg, J.; Ferguson-Smith, M.A.; Ning, Y.;
Ledbetter, D.H.; Bar-Am, I.; Soenksen, D.; et al. Multicolor spectral karyotyping of human chromosomes.
Science 1996, 273, 494–497. [CrossRef] [PubMed]

50. Guffei, A.; Sarkar, R.; Klewes, L.; Righolt, C.; Knecht, H.; Mai, S. Dynamic chromosomal rearrangements in
Hodgkin’s lymphoma are due to ongoing three-dimensional nuclear remodeling and breakage-bridge-fusion
cycles. Haematologica 2010, 95, 2038–2046. [CrossRef] [PubMed]

51. Feuerhahn, S.; Chen, L.Y.; Luke, B.; Porro, A. No DDRama at chromosome ends: TRF2 takes centre stage.
Trends Biochem. Sci. 2015, 40, 275–285. [CrossRef] [PubMed]

52. Knecht, H.; Mai, S. The use of 3D telomere FISH for the characterization of the nuclear architecture in
EBV-positive Hodgkin’s lymphoma. Methods Mol. Biol. 2017, 1532, 93–104. [PubMed]

53. Knecht, H.; Johnson, N.A.; Haliotis, T.; Lichtensztejn, D.; Mai, S. Disruption of direct 3D Telomere-TRF2
interaction through two molecularly disparate mechanisms is a hallmark of primary Hodgkin and
Reed-Sternberg cells. Lab. Investig. 2017. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.molcel.2007.10.005
http://www.ncbi.nlm.nih.gov/pubmed/17964269
http://dx.doi.org/10.1038/onc.2009.359
http://www.ncbi.nlm.nih.gov/pubmed/19881539
http://dx.doi.org/10.1038/leu.2011.35
http://www.ncbi.nlm.nih.gov/pubmed/21394098
http://dx.doi.org/10.1038/onc.2013.189
http://www.ncbi.nlm.nih.gov/pubmed/23708666
http://dx.doi.org/10.1016/0140-6736(91)90943-J
http://www.ncbi.nlm.nih.gov/pubmed/8219183
http://dx.doi.org/10.1056/NEJMra032015
http://www.ncbi.nlm.nih.gov/pubmed/15044644
http://dx.doi.org/10.1006/viro.1996.0452
http://www.ncbi.nlm.nih.gov/pubmed/8806537
http://dx.doi.org/10.1159/000149589
http://www.ncbi.nlm.nih.gov/pubmed/2984143
http://dx.doi.org/10.1002/ijc.2910400213
http://www.ncbi.nlm.nih.gov/pubmed/3038758
http://dx.doi.org/10.1038/sj.onc.1206033
http://www.ncbi.nlm.nih.gov/pubmed/12483529
http://dx.doi.org/10.1038/nature04687
http://www.ncbi.nlm.nih.gov/pubmed/16572121
http://dx.doi.org/10.1182/blood-2014-08-594176
http://www.ncbi.nlm.nih.gov/pubmed/25568351
http://dx.doi.org/10.1038/labinvest.2010.2
http://www.ncbi.nlm.nih.gov/pubmed/20142802
http://www.ncbi.nlm.nih.gov/pubmed/27873274
http://dx.doi.org/10.1126/science.273.5274.494
http://www.ncbi.nlm.nih.gov/pubmed/8662537
http://dx.doi.org/10.3324/haematol.2010.030171
http://www.ncbi.nlm.nih.gov/pubmed/20823137
http://dx.doi.org/10.1016/j.tibs.2015.03.003
http://www.ncbi.nlm.nih.gov/pubmed/25845889
http://www.ncbi.nlm.nih.gov/pubmed/27873269
http://dx.doi.org/10.1038/labinvest.2017.33
http://www.ncbi.nlm.nih.gov/pubmed/28436953


Viruses 2017, 9, 164 12 of 12

54. Righolt, C.; Guffei, A.; Knecht, H.; Young, I.T.; Stallinga, S.; van Vliet, L.J.; Mai, S. Differences in nuclear DNA
organization between lymphocytes, Hodgkin and Reed-Sternberg cells revealed by structured illumination
microscopy. J. Cell Biochem. 2014, 115, 1441–1448. [CrossRef] [PubMed]

55. Celli, G.B.; de Lange, T. DNA processing is not required for ATM-mediated telomere damage response after
TRF2 deletion. Nat. Cell Biol. 2005, 7, 712–718. [CrossRef] [PubMed]

56. Denchi, E.L.; de Lange, T. Protection of telomeres through independent control of ATM and ATR by TRF2
and POT1. Nature 2007, 448, 1068–1071. [CrossRef] [PubMed]

57. Lazzerini Denchi, E.; Celli, G.; De Lange, T. Hepatocytes with extensive telomere deprotection and fusion
remain viable and regenerate liver mass through endoreduplication. Genes Dev. 2006, 20, 2648–2653.
[CrossRef] [PubMed]

58. Davoli, T.; Denchi, E.L.; de Lange, T. Persistent telomere damage induces bypass of mitosis and tetraploidy.
Cell 2010, 141, 81–93. [CrossRef] [PubMed]

59. Knecht, H.; Sawan, B.; Lichtensztejn, D.; Lemieux, B.; Wellinger, R.; Mai, S. The 3D nuclear organization of
telomeres marks the transition from Hodgkin to Reed-Sternberg cells. Leukemia 2009, 23, 565–573. [CrossRef]
[PubMed]

60. Benarroch-Popivker, D.; Pisano, S.; Mendez-Bermudez, A.; Lototska, L.; Kaur, P.; Bauwens, S.; Djerbi, N.;
Latrick, C.M.; Fraisier, V.; Pei, B.; et al. TRF2-Mediated Control of Telomere DNA Topology as a Mechanism
for Chromosome-End Protection. Mol. Cell 2016, 61, 274–286. [CrossRef] [PubMed]

61. Wood, A.M.; Rendtlew Danielsen, J.M.; Lucas, C.A.; Rice, E.L.; Scalzo, D.; Shimi, T.; Goldman, R.D.;
Smith, E.D.; Le Beau, M.M.; Kosak, S.T. TRF2 and lamin A/C interact to facilitate the functional organization
of chromosome ends. Nat. Commun. 2014, 5, 5467. [CrossRef] [PubMed]

62. Bronshtein, I.; Kepten, E.; Kanter, I.; Berezin, S.; Lindner, M.; Redwood, A.B.; Mai, S.; Gonzalo, S.;
Foisner, R.; Shav-Tal, Y.; et al. Loss of lamin A function increases chromatin dynamics in the nuclear
interior. Nat. Commun. 2015, 6, 8044. [CrossRef] [PubMed]

63. Nera, B.; Huang, H.S.; Lai, T.; Xu, L. Elevated levels of TRF2 induce telomeric ultrafine anaphase bridges
and rapid telomere deletions. Nat. Commun. 2015, 6, 10132. [CrossRef] [PubMed]

64. Xavier de Carvalho, A.; Maiato, H.; Maia, A.F.; Ribeiro, S.A.; Pontes, P.; Bickmore, W.; Earnshaw, W.C.;
Sambade, C. Reed-Sternberg cells form by abscission failure in the presence of functional Aurora B kinase.
PLoS ONE 2015, 10, e0124629. [CrossRef] [PubMed]

65. Newcom, S.R.; Kadin, M.E.; Phillips, C. L-428 Reed-Sternberg cells and mononuclear Hodgkin’s cells arise
from a single cloned mononuclear cell. Int. J. Cell Cloning 1988, 6, 417–431. [CrossRef] [PubMed]

66. Küppers, R.; Bräuninger, A.; Müschen, M.; Distler, V.; Hansmann, M.L.; Rajewsky, K. Evidence that Hodgkin
and Reed-Sternberg cells in Hodgkin disease do not represent cell fusions. Blood 2001, 97, 818–821. [CrossRef]
[PubMed]

67. Benharroch, D.; Einav, I.; Feldman, A.; Levy, A.; Ariad, S.; Gopas, J. Apoptosis of Hodgkin-Reed-Sternberg
cells in classical Hodgkin lymphoma revisited. APMIS 2010, 118, 339–345. [CrossRef] [PubMed]

68. Li, J.S.; Miralles Fusté, J.; Simavorian, T.; Bartocci, C.; Tsai, J.; Karlseder, J.; Lazzerini Denchi, E. TZAP: A
telomere-associated protein involved in telomere length control. Science 2017, 355, 638–641. [CrossRef]
[PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/jcb.24800
http://www.ncbi.nlm.nih.gov/pubmed/24590512
http://dx.doi.org/10.1038/ncb1275
http://www.ncbi.nlm.nih.gov/pubmed/15968270
http://dx.doi.org/10.1038/nature06065
http://www.ncbi.nlm.nih.gov/pubmed/17687332
http://dx.doi.org/10.1101/gad.1453606
http://www.ncbi.nlm.nih.gov/pubmed/17015429
http://dx.doi.org/10.1016/j.cell.2010.01.031
http://www.ncbi.nlm.nih.gov/pubmed/20371347
http://dx.doi.org/10.1038/leu.2008.314
http://www.ncbi.nlm.nih.gov/pubmed/19039323
http://dx.doi.org/10.1016/j.molcel.2015.12.009
http://www.ncbi.nlm.nih.gov/pubmed/26774283
http://dx.doi.org/10.1038/ncomms6467
http://www.ncbi.nlm.nih.gov/pubmed/25399868
http://dx.doi.org/10.1038/ncomms9044
http://www.ncbi.nlm.nih.gov/pubmed/26299252
http://dx.doi.org/10.1038/ncomms10132
http://www.ncbi.nlm.nih.gov/pubmed/26640040
http://dx.doi.org/10.1371/journal.pone.0124629
http://www.ncbi.nlm.nih.gov/pubmed/25933052
http://dx.doi.org/10.1002/stem.5530060606
http://www.ncbi.nlm.nih.gov/pubmed/3230329
http://dx.doi.org/10.1182/blood.V97.3.818
http://www.ncbi.nlm.nih.gov/pubmed/11157505
http://dx.doi.org/10.1111/j.1600-0463.2010.02600.x
http://www.ncbi.nlm.nih.gov/pubmed/20477808
http://dx.doi.org/10.1126/science.aah6752
http://www.ncbi.nlm.nih.gov/pubmed/28082411
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Latent Membrane Protein 1 (LMP1) Induces Multinuclearity 
	Assessment of 3D Telomere Dynamics 
	In Vitro Model for EBV-Associated Classical Hodgkin’s Lymphoma 
	Combined 3D Immuno TRF2/Telo-Q-FISH of Primary H and RS Cells 
	Summary 

