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LYMPHOID NEOPLASIA

LMP1 mediates multinuclearity through downregulation of shelterin
proteins and formation of telomeric aggregates
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Hodgkin lymphoma (HL) and Burkitt lymphoma are both germinal center—derived
B-cell lymphomas. To assess the consequences of permanent latent membrane protein 1

e LMP1 expression in post
germinal center B cells results
in downregulation of shelterin
proteins, telomeric aggregates,
and multinuclearity.

e LMP1 targets TRF1, TRF2,
and POT1 reversibly at the
transcriptional/translational
level, and TRF2 is essential
to block multinuclearity.

(LMP1) expression as observed in tumor cells of Epstein-Barr virus (EBV)—-associated HL,
we analyzed 3-dimensional (3D) telomere dynamics and measured the expression of
shelterin proteins at the transcriptional and translational level and their topographic
distribution in the EBV-negative Burkitt cell line BJAB stably transfected with an inducible
LMP1 system. Stable LMP1 expression led to a highly significant increase of multinu-
cleated cells, nuclear volume, and 3D telomeric aggregates when compared with the
LMP1-suppressed BJAB controls. Most importantly, LMP1 induced a significant down-
regulation of the shelterin components TRF1, TRF2, and POT1 at the transcriptional and
translational level, and this downregulation was reversed after resuppression of LMP1.
In addition, as revealed by spectral karyotyping, LMP1 induced “outré” giant cells and
hypoploid “ghost” cells. This LMP1-induced multinucleation was blocked upon LMP1-
independent TRF2 expression. These results show that LMP1-dependent deregulation
of telomere stability and nuclear organization via shelterin downregulation, in particular TRF2, favors chromosomal rearrangements.
We speculate that telomeric aggregates and ongoing breakage-bridge-fusion cycles lead to disturbed cytokinesis and finally to

multinuclearity, as observed in EBV-associated HL. (Blood. 2015;125(13):2101-2110)

Introduction

The binuclear or multinuclear Reed-Sternberg (RS) cells, the diagnostic
element of Hodgkin lymphoma (HL), originate from mononuclear
precursors called Hodgkin (H) cells via endoreplication and have a
limited capacity to divide further."? RS cells still contribute to the
pathogenesis through autocrine stimulation of H cells® and cytokine-
induced B symptoms (reviewed in Khan*). H and RS cells are derived
from germinal center B cells,” and circulating monoclonal B cells have
been identified as putative precursors of H cells.® Three-dimensional
(3D) quantitative fluorescence in situ hybridization (qQFISH), a tech-
nique for visualizing telomeres,” showed in cultured cells and biopsies
that RS cells are true end-stage tumor cells.® The number of nuclei in
RS cells correlates closely with the 3D organization of telomeres, and
we speculated that further nuclear divisions become impossible be-
cause of sustained telomere shortening, loss, and aggregation and for-
mation of “ghost” nuclei in which many chromosomes lack terminal
repeat sequences. These phenomena were identified in both classical
Epstein-Barr virus (EBV) —negative and EBV-positive HL.?

In EBV-positive HL, the H and RS cells express the EBV-
encoded latent membrane protein 1 (LMP1) 19orits deletion variants.'!

Presentation, clinical course, and response to chemotherapy for
EBV-associated HL are very similar to those in EBV-negative HL, ">
but the LMP1-expressing nodular sclerosis type may have a less
favorable long-term prognosis,'*'* and relevant differences in EBV
association are observed according to socioeconomic status.'> The
risk of developing LMP1-expressing HL within a median incubation
time of 4 years after symptomatic EBV infection is significantly
increased,'® but the reason for this remains unclear. In symptomatic
mononucleosis infectiosa, multinucleated RS-like cells may occur,
but these cells are polyclonal and exhibit CD15™ and, most impor-
tantly, they always express the B-cell-specific transcription fac-
tors BOB.1 and OCT-2, which are absent in true RS cells."”

Our recent observations document that very short telomeres are
a hallmark of LMP1-expressing RS cells, even in young patients.'®
Short-term cultures of ex vivo EBV-infected normal human B lym-
phocytes show partial displacement of the telomeric protein TRF2,
which is associated with a high level of nonclonal structural ab-
errations, namely Robertsonian translocations, unbalanced trans-
locations, and chromatid gaps.'® Furthermore, the EBV nuclear
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antigen-1 (EBNA1) induces loss or gain of telomere signals and
promotes telomere fusion.?® Finally, RS cells contain giant “zebra”
chromosomes as a result of multiple breakage-bridge-fusion cycles.!
These results are consistent with the hypothesis that EBV interacts
with the shelterin-telomere complex and that the oncoprotein LMP1
directly or indirectly targets key proteins of it, and by doing so, initiates
3D telomere—related changes in germinal center—derived B cells
favoring the formation of H and RS cells.

To test this hypothesis, we used a long-term tet-off inducible
LMP]1 expression system in stable transfectants of BJAB cells.*
BJAB is an EBV-negative African Burkitt lymphoma cell line
that lacks the characteristic chromosome translocation leading to
constitutive c-myc activation. We analyzed LMP1-expressing and
LMP1-suppressed BJAB cells as well as parental BJAB cells not
harboring the LMP1 oncogene over 21 days for formation of
multinucleated cells, 3D telomere dynamics, and the expression of
key proteins of the shelterin complex at the transcriptional, trans-
lational, and topographic protein level. The results show that the
chromosome ends (ie, the telomeres within the shelterin complex)
are responsive to the expression of the LMP1 oncogene and that
constitutive expression of the TRF2 protein protects cells against
LMP1-induced multinucleation.

Material and methods

Cell lines

Cells were grown in bicarbonate-buffered RPMI-1640 medium supple-
mented with 10% fetal calf serum, penicillin (200 U/mL), and streptomycin
(200 mg/mL) and were incubated at 37°C in a humidified atmosphere
containing 5% CO,.

The stable BJAB transfectants used have been described in detail
previously.?> BJAB-tTA is a stable transfectant constitutively expressing
a tetracycline-regulated transactivator (tTA) from a cytomegalovirus-
immediate early promoter on the plasmid pJEF-3. BIAB-tTA-LMP1 is a dual
stable transfectant (plasmid pJEF-3 and LMPI-bearing plasmid pJEF-6)
expressing LMP1 from the plasmid pJEF-6 upon activation of its promoter
by tTA in the absence of tetracycline (Figure 1). The tTA was inhibited
by incubating cells with tetracycline (1 pwg/mL) and activated after washing
cells in tetracycline-free medium with subsequent incubation in tetracycline-
free medium. Hence, BJAB-tTA and BJAB-tTA-LMP1 with and without
tetracycline (1 pg/mL) were cultured and analyzed at distinct time points for
LMP1 expression and multinuclearity, nuclear volumes, and 3D telomere
organization as well as TRF1, TRF2, and POT1 topography in interphase
nuclei.

Percentage of multinucleated cells

The percentage of multinucleated cells was determined as follows: on days 1,
7, 14, and 21 of the experiments, 200 cells (as described in the legend for
Figure 2) were counted on cytocentrifuge slides by 3 independent researchers
on 5 independent triplicate experiments.

For the pIRESPuro3_mycTRF2 expression experiments, the evaluation
of the percentage of multinucleated cells was performed with the Operetta
system (PerkinElmer, Woodbridge, ON, Canada). More than 300 cells were
counted by imaging on Operetta during the course of the experiment (10 days)
in 3 independent experiments. Briefly, about 100 000 cells for each sample
were colored in 200 wL RPMI-1640 10% fetal bovine serum containing 1 pg/mL
H33342 and 0.1 pg/mL calcein AM for 30 minutes at 37°C. Cells were
centrifuged in optical 96-well plates at 800 rpm for 5 minutes before
acquisition on Operetta. About 20 fields at X 100 magnification were acquired
on Operetta, with multiple imaging along the z-axis by using 4,6 diamidino-
2-phenylindole (DAPI) and green fluorescent protein filters for H33342
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Figure 1. Schematic representation of the tet-Off system. The tTA binds spe-
cifically to the tet-Off (tetO) operator sequences upstream of the CMV promoter
(Pcmv). The tetO/Pcmy represents the tetracycline response element (TRE). In the
presence of tetracycline, the binding of this antibiotic to tTA blocks its binding to the
TRE (left), and transactivation of the LMP1 oncogene does not occur. The LMP1
oncogene, under the control of TRE, is activated by tTA (right) in the absence of
tetracycline resulting in LMP1 oncoprotein expression. tetR, tetracycline repressor
protein; VP16, herpes-simplex virus encoded transcriptional activator.

and calcein AM, respectively. Images of each field were manually observed
to count nuclei (H33342) per live cell (calcein AM).

LMP1 mmunohistochemistry

Immunohistochemistry was performed as described® on 3D fixed cells® by
using murine monoclonal CS.1-4 anti-LMP1 antibodies (Dako) as primary
antibodies at a dilution of 1:200. The secondary antibody was a goat anti-
mouse antibody coupled to peroxidase at a dilution of 1:1000. Nuclei were
counterstained with DAPI. Analysis was performed by using a Zeiss Axiolmager
Z1 microscope (Zeiss, Toronto, Canada). Images were acquired with a cooled
AxioCam HR black-and-white (B&W) camera (Zeiss).

Immunofluorescence

Immunofluorescence was performed on cytocentrifuged cells. Briefly, cells
were fixed on slides with 3.7% paraformaldehyde in phosphate-buffered
saline (PBS). Fixed cells were then permeabilized with 0.1% Triton X-100 in
PBS and blocked with 0.1% Triton X-100, 0.5 pg/mL bovine serum albumin
in PBS. LMP1 was revealed by using the primary mouse LMP1 antibody
(sc-57721; Santa Cruz Biotechnology) at a dilution of 1:150 and with a
secondary anti-mouse antibody coupled to fluorescein isothiocyanate at a
dilution of 1:200. TRF2 was revealed by rabbit polyclonal antibodies against
TRF2 (Santa Cruz Biotechnology) at a dilution of 1:100. The secondary
antibody was mouse anti-rabbit immunoglobulin G fluorescein isothiocya-
nate at a dilution of 1:1000. Nuclei were counterstained with Hoechst H33342.
Analysis was performed by using a Zeiss Axiolmager Z1 microscope (Zeiss).
Images were acquired with a cooled AxioCam HR B&W camera (Zeiss).

Western blotting

Whole cell extracts were prepared by lysing cells in Laemmli sample buffer
(1X; 10% glycerol, 5% b-mercaptoethanol, 2.3% sodium dodecyl sulfate,
62.5 mM tris[hydroxymethylJaminomethane-HCl [pH 6.8], and 0.1%
bromophenol blue). Equal amounts of total protein were loaded into each
well of 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and
transferred to nitrocellulose membranes. Protein amounts were revealed
with primary antibodies against LMP1 (sc-57721; Santa Cruz Biotechnol-
ogy), TRF1 (provided by Titia De Lange), TRF2 (IMG-124A; Imgenex),
POT1 (custom synthesis at Sigma-Genosys and affinity purified), a-tubulin
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Figure 2. LMP1 expression in BJAB-tTA-LMP1
Burkitt lymphoma cells is associated with multi-
nuclearity. Original magnification X640, Zeiss Axiolmager
Z1 microscope. (A) LMP1-suppressed transfectants at
day 7 still reveal uniform Burkitt cell morphology with only
a few binucleated or large mononuclear cells (arrows)
(Pappenheim staining). (B) Immunostaining with anti-
LMP1 monoclonal antibody CS.1-4 confirms successful
LMP1 suppression through tetracycline. (C) LMP1-
expressing transfectants at day 7 contain multiple RS-like
giant cells. Arrow points to a satellite nucleus (Pappen-
heim staining). (D) Strong LMP1 expression is confirmed
with anti-LMP1 monoclonal antibody CS.1-4. (E) LMP1
induced accumulation of multinuclear cells. BJAB-tTA-
LMP1 cells were induced for the expression of LMP1 for
21 days by removal of tetracycline. Samples from LMP1-
induced and LMP1-suppressed cells at days 1, 7, 14,
and 21 were cytocentrifuged and counted for the pres-
ence of multinucleated cells. For each time point, 200
cells were counted in 15 independent experiments.
LMP1-induced formation of RS-like giant cells is
evident. *P < .05; **P < .0001.

40

35 -
30 -

25 -

=~ LMP1 Suppressed

=& LMP1 Induced

LMP1 ACTS ON SHELTERIN PROTEINS IN AN ON/OFF WAY 2103

X

B
oy
.

p®

g

*k *k

*

Multinuclear cells (%)
N
o

(ab4074; AbCam), and ACTB (A2066; Sigma) and by using peroxidase-
conjugated secondary antibodies with enhanced chemiluminescence detec-
tion reagent (Amersham) on radiograph film.

Quantitative reverse-transcription polymerase chain reaction

The levels of messenger RNA (mRNA) expression for LMP1 and shelterin
proteins TRF1, TRF2, POT1, and TPP1 were analyzed by quantitative
reverse-transcription polymerase chain reaction. About 300 ng of total RNA
(Trizol purified) from BJAB-tTA-LMP1 was reverse transcribed by using
Maloney murine leukemia virus reverse transcriptase and random hexamer.
One-fiftieth of the reverse transcriptase reaction was then used for each SYBR
Green—based real-time polymerase chain reaction using specific primers
for each gene. The levels of targeted mRNA are normalized with ACTB,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and (3,-microglobulin
expression.

Primers for our experiments were designed according to Rozen et al,>*
if not otherwise specified: 5'-TGCACCACCAACTGCTTAGC-3" and
5"-GGCATGGACTGTGGTCATGAG-3' for GAPDH, 5'-GCGGGAAATC
GTGCGTGACATT-3" and 5'-GATGGAGTTGAAGGTAGTTTCGTG-3’
for ACTB, 5' ATGTCTCGCTCCGTGGCCTTA-3" and 5'-ATCTTGGGC
TGTGACAAAGTC-3' for B,-microglobulin, 5'-CAACCAATAGAGTC
CACCAGT-3' and 5'-TCTTCAGAAGAGACCTTCTCT-3' for LMP1,”

Days 14 21

5'-GCTGTTTGTATGGAAAATGGC-3" and 5'-CCGCTGCCTTCATTA
GAAAG-3’ for TRF1,%® 5'-GTACCCAAAGGCAAGTGGAA-3' and
5'-TGACCCACTCGCTTTCTTCT-3' for TRF2, and 5'-TGAAGTTCTTTA
AGCCCCCA-3' and 5'-AGCCTGTGAAAGCGAACAAT-3' for POT1.

Plasmid pIRESPuro3_mycTRF2

The expression plasmid pIRESPuro3_mycTRF2, which carries the human
TRF2 with an myc tag in the N-terminal region of the protein was produced
by transferring a blunted HindIII-EcoRI fragment from pLPC-NMYC TRF2
(Addgene plasmid 16066)*” into the pIRESPuro3 vector (Clontech) cleaved
with EcoRV and EcoRI. This plasmid allows the expression of two open
reading frames from the same bicistronic transcript and selection of a pop-
ulation of cells resistant to puromycin and expressing the myc-tagged version
of TRF2.

Plasmid electroporation and establishment of BJAB-tTA-LMP1/
mycTRF2 cells. The pIRESPuro3_mycTRF2 plasmids were introduced
into BIAB-tTA-LMP1 cells by electroporation as follows: 2 X 10 cells were
washed twice with serum-free RPMI-1640 and resuspended in 200 pL of ice-
cold potassium-PBS containing 10 p.g of plasmid DNA. Electroporation was
performed in a 4-mm-gap cuvette with the gene Pulser at 250V and 950 pF.
To select a population of stable transfectants, cells were transferred to a
culture dish and allowed to recover from electroporation in media without
the selective agent. Puromycin was introduced at 0.3 pg/mL 48 hours after
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electroporation, and selective media was changed every 4 days until survival
of the population.

Telomere qFISH

BJAB-tTA and BJAB-tTA-LMP1 cells were collected (200g for 10 minutes),
resuspended in PBS containing 3.7% formaldehyde (Fluka), and incubated
for 20 minutes. Thereafter, the telomere gFISH protocol was performed”*® by
using a Cy3-labeled peptide nucleic acid probe (Dako). After telomere gFISH
was performed, interphases were imaged by using a Zeiss Axiolmager Z1
microscope with a cooled AxioCam HR B&W camera, DAPI, and Cy3 filters
in combination with a Planapo 63X/1.4 oil objective lens. Images were ac-
quired by using Axiovision 4.6 software (Zeiss) in multichannel mode fol-
lowed by constraint iterative deconvolution as specified below.

3D image acquisition

At least 30 mononucleated cell interphase nuclei and at least 30 RS-cell-like
interphase polykaria were analyzed for both cell lines. Axiovision 4.6 software
with a deconvolution module and a rendering module was used. For every
fluorochrome, the 3D image consisted of a stack of 80 images with a sampling
distance of 200 nm along the z-axis and 107 nm in the x- and y-axis directions.
The constrained iterative algorithm option was used for deconvolution.?’

3D image analysis for telomeres

Telomere measurements were done with the TeloView 3D image analysis
program.*® By choosing a simple threshold for the telomeres, a binary image
was found. Based on 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 was proportional to the telomere length.*

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.*!

Telomere length

Telomeres with arelative fluorescent intensity (x-axis) ranging from 0 to 5000
units were classified as very short, intensity from 5000 to 15000 units
defined as short, intensity from 15000 to 30 000 units as mid-sized, and
intensity >30 000 units as large.’

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 was calculated according to the 3D nuclear DAPI
staining as described earlier.*?

Spectral karyotyping

Spectral karyotyping (SKY) was performed by using the SKY kit for human
chromosomes (ASI, Vista, CA) and following the manufacturer’s protocol.
Slides were imaged by using an Axioplan 2 microscope with a 63X/1.4 oil
objective (Zeiss) and were analyzed by using Case Data Manager 4.0 software
(ASI, Vista, CA). Twenty metaphases were imaged and analyzed for both cell
lines. Rearrangements were scored and statistically analyzed.

Statistical analysis

For both cell lines, normally distributed parameters are compared between the
two types of cells using nested or two-way analysis of variance. Then multiple
comparisons using the least-square means tests were performed in which
interaction effects between two factors were found to be significant. Other
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Table 1. 3D telomere characteristics in RS-like cells without LMP1
(BJAB-tTA-LMP1 with tetracycline; n = 104) and with LMP1
(BJAB-tTA-LMP1 without tetracycline; n = 96)

Analysis/parameter for pool LMP1 LMP1

of days 7, 10, and 21 suppressed induced P
Total nuclear volume (pm?®) 2958 + 1891 5375 + 3572  <.0001
No. of telomeres per cell 98.9 £ 41.7 1491 £ 71.6 <.0001
No. of telomeres per 1000 pm?® 38.1 = 14.3 322 = 16.4 .0070
of nuclear volume

% of short telomeres (<15 000 units) 76.9 771 >.05*
No. of telomere aggregates per cell 11.8 = 6.1 18.0 = 10.1 <.0001
% of cells with =20 aggregates 9.9 38.5 <.0001

Values are means * standard deviation unless otherwise noted.
*Not significant.

parameters that were not normally distributed were compared by using a non-
parametric Wilcoxon rank sum test. Significance levels were set at P = .05.
Analyses were performed by using SAS v9.1 programs unless otherwise specified.

Results
Constitutive LMP1 expression induces multinuclearity

To assess the inducible system for expression of LMP1 (Figure 1),
BJAB-tTA-LMP1 cells were cultured in either the presence or
absence of tetracycline, and LMP1 expression was determined by
immunocytochemistry (Figure 2). In the presence of tetracycline,
LMP1 expression remained below detectable levels (Figure 2A-B),
whereas in its absence, the LMP1 oncoprotein was expressed in more
than 90% of cells at days 7, 14, and 21 (Figure 2C-D). Most im-
portantly, LMP1 expression was associated with multinuclearity,
and many of the cells resembled RS cells. The fraction of multi-
nuclear giant cells increased from a baseline level of about 13% at
day 1 to 21% at day 7 and to about 30% to 35% at day 14, remain-
ing at that level up to day 21 (Figure 2E). In BJAB-tTA-LMP1
suppressed cells (with tetracycline), a baseline level of multinuclear
cells of about 13% was observed at each time point. A comparable
stable baseline level of multinuclear cells was also observed in
the parental BJAB-tTA cells with and without tetracycline (results
not shown).

Constitutive LMP1 expression changes the 3D nuclear
telomere organization

Constitutive LMP1 expression over time led to a highly significant
increase in nuclear volume and telomere aggregates but a decrease
of the total number of telomeres per 1000 wm® of nuclear volume
(calculated after DAPI staining) when comparing the LMP1-positive
multinucleated cells with LMP1-negative, mainly binucleated cells
(Table 1). When the 3D telomere dynamics in the LMP1-induced
multinucleated cells was analyzed, a clear difference was observed in
the telomere amount and length distribution compared with mono-
nucleated cells (Figure 3). The 3D telomere dynamics analysis in
LMP1-repressed RS-like cells revealed an increase in the amount
of small telomeres but less than what was observed for the LMP1-
induced RS-like cells, suggesting acommon way for multinucleation
in both contexts (LMP1-repressed and LMP1-induced). However,
changes of the 3D telomere dynamics became much more pro-
nounced over time in LMP1-induced cells in terms of telomere
changes and multinucleation level (supplemental Figure 1, available
on the Blood Web site). After 2 to 3 weeks of constitutive LMP1

20z aunr g0 uo 3sanb Aq ypd'L0Lz/2L LESEL/LOLZ/EL/ST L/PA-BJoE/POOIqABU SUOKEDIgNdYSE//:d])Y WOl papeojumog



BLOOD, 26 MARCH 2015 - VOLUME 125, NUMBER 13

Figure 3. 3D telomere dynamics of multinucleated 600
RS-like cells in the Burkitt lymphoma cell line
BJAB-tTA-LMP1. Telomere distribution according to

size. Results are based on 3D analysis of 30 cells for

each time point. Frequency (y-axis) and relative fluo- 500
rescent intensity (ie, size of telomeres) (x-axis) reveal
individual telomere profiles for each time point. Telo-
meres with a relative fluorescent intensity (x-axis) rang-
ing from 0 to 5000 units are classified as very short,
intensity from 5000 to 15000 units as short, intensity
from 15000 to 30 000 units as mid-sized, and intensity
>30000 units as large. LMP1 expression induces
multinucleated RS-like cells with abundant very short
and short telomeres when compared with mononuclear
cells at day 21.
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expression and several rounds of endomitosis, the multinuclear
LMP1-expressing BIAB-tTA-LMP1 RS-like cells contained mainly
very short telomeres; telomere-poor ghost nuclei and also telomere
overloaded, aggregate-rich satellite nuclei could be identified
(Figure 4 and supplemental Figure 2). Thus LMP1 is a powerful
modulator of 3D nuclear telomere dynamics associated with for-
mation of multinuclear BJAB cells (P < .0001).

SKY confirms generation of LMP1-induced outré giant cells
and chromosome-poor ghost cells

Twenty metaphase preparations of BJAB-tTA-LMP1—expressing
cells (tetracycline negative) were analyzed at days 1 and 14, and
20 metaphase preparations of BJAB-tTA-LMP1-suppressed cells
(tetracycline positive) were analyzed at day 14 for overall chro-
mosomal changes by using SKY. The images were analyzed by
using Case Data Manager and SKY View software. Every metaphase
analyzed had some form of chromosomal rearrangement. Conclu-
sive analyses were possible in 15 of 20 metaphases atday 1,and in 18
of 20 metaphases at day 14 for LMP1-expressing metaphases, and
in 14 of 20 LMP1-suppressed metaphases. Constitutive LMP1 ex-
pression at day 14 was associated with highly polyploid giant cells
with up to 316 chromosomes (supplemental Figure 3). Yet severely
hypoploid ghost cells (19 and 29 chromosomes) were also observed
(supplemental Table 1).

Constitutive LMP1 expression suppresses shelterin proteins
and promotes changes in their topographical distribution

Changes in telomeric 3D dynamics and formation of aggregates
suggest a perturbation of telomere protection that is governed by
proteins of the shelterin complex. Analysis of the transcriptional
expression level of key shelterin genes reveals a rapid decrease in the
level of TRF2 mRNA after induction of LMP1. At only 1 day after
LMP1 induction, the level of TRF2 had decreased to 50% of that
found in parallel LMP1-suppressed cells. TRF1 and POT1 also
appear to be downregulated but to a lesser extent (Figure 5A).
Moreover, this suppression was reversible upon delayed withdrawal
of LMP1 suppression (ie, suppression at day 3 reflects cells that have
been induced up to day 3 and suppressed for LMP1 expression from
day 3 onward). The levels of shelterin proteins TRF2 and POT1
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correlate with the shelterin mRNA levels observed (Figure 5B). This
tight regulation of shelterin genes through LMP1 expression sug-
gests that LMP1 has a major impact on shelterin protein expression,
mostly on TRF2, and that it occurs at LMP1 oncoprotein levels sim-
ilar to those observed in lymphoblastoid cell lines (supplemental
Figure 4). Combined FISH-TRF2 immunostaining confirmed the
disappearance of telomere-associated TRF2 spots, consistent with
the formation of abundant small TRF2 free telomeres in the RS-like
cells (Figure 5C). Analogous findings are confirmed by combined
3D telomere FISH-TRF2 immunohistochemistry on primary H and
RS cells (supplemental Figure 5).

Constitutive myc-tagged TRF2 expression compensates
LMP1-induced endogenous TRF2 suppression and
blocks multinucleation

The previous sections suggest that LMP1 induced a strong reduction
of the transcription and translation of the endogenous TRF2 gene
(Figure 5A-B). Previously, it had been shown that an absence or
reduction of TRF2 proteins on telomeres results in nonhomologous
end joining (NHEJ) of telomeres with formation of giant chro-
mosomes>" remarkably similar to those observed in RS cells.>' We
therefore hypothesized that LMP1-induced TRF2 suppression could
be a major factor in formation of multinucleated cells via an in-
duction of telomere-led genome instability. If that was the case,
overriding LMP1-dependent TRF2 suppression by CMV-driven
myc-TRF2 expression should block NHEJ and multinucleation
induced by LMP1. Indeed, in the double stable transfectant BJAB-
tTA-LMP1/mycTRF2, the constitutive myc-TRF2 expression is not
influenced by LMP1 and suppresses LMP1 associated multinucle-
ation (Figure 6). Thus, induction of multinucleation by LMP1 in an
experimental post germinal center B-cell system is correlated with
the expression level of shelterin protein TRF2.

Discussion

Our in vitro results using an experimental, germinal center—derived
B-cell system with inducible LMP1 expression reveal novel
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Figure 4. 3D identification of disturbed nuclear telomere organization in a trinuclear LMP1-expressing RS-like BJAB-tTA-LMP1 cell. (A) 3D reconstruction of nuclear
DNA (DAPI; blue) in surface mode reveals a small folded satellite nucleus (arrow), a second nucleus at the upper right and a third large nucleus at the bottom. (B) 3D telomere
(red) reconstruction in surface mode reveals abundant telomeres in lower part of the small satellite nucleus (arrow) and irregular telomere distribution in the large nucleus. (C)
Combined 3D nuclear staining confirms telomere rich DNA dense satellite nucleus (arrow) and uneven telomere distribution in the large nucleus. (D) Inset (folded satellite
nucleus) localizes short telomeres and also aggregates to its lower part. Further 3D telomere analysis of this satellite nucleus is shown in supplemental Figure 2B.

functions and targets of this oncoprotein. Induced expression of
LMP1 exerts profound effects on the expression levels of key telo-
meric proteins such as TRF1, TRF2, and POT1 (Figure 5). In par-
ticular, LMP1-induced TRF2 downregulation appears to be a major
factor in the formation of giant chromosomes and multinucleated
cells through endomitosis and/or endoreplication (Figure 6 and
supplemental Figure 3). Furthermore, TRF2 localization as well as
the 3D nuclear telomere organization associated with the forma-
tion of RS-cell-like multinucleated cells appears to be profoundly
changed.

Analogous changes during the transition from H cells to RS cells
have been reported in HL cell lines and diagnostic lymph node
biopsies of classical EBV-negative and EBV-positive HL.*® Thus,
the LMP1-inducible germinal center—derived BJAB-Burkitt cell line
offers an excellent platform for studying the molecular impact of
constitutive LMP1 expression in a germinal center—derived B-cell
setting like that encountered in EBV-associated HL.

According to Thorley-Lawson and Gross,** the H and RS cells
of EBV-associated HL arise from EBV-infected germinal center
B cells, which constitutively express LMP1 at low levels. These
lymphocytes have a CD10*CD38* AID " bcl-6" phenotype and
reside at a very low frequency (1 to 2/10%) within the germinal
centers of tonsils of EBV-positive adolescents.> Indeed, the risk

of developing EBV-associated HL after symptomatic infectious
mononucleosis is increased fourfold within 4 years after the event, '
and relevant differences in EBV association are observed according
to socioeconomic status,' patient age, and geographic localization.*®
The incidence of EBV-associated HL is <30% in an unselected
Swedish population,®” whereas it is about 70% in Kenyan adults and
even up to 100% in Kenyan infants®® suggesting a pathogenetic
implication of the virus in EBV-associated HL.

Ex vivo EBV infection of human B lymphocytes results, after
2 weeks, in nonclonal structural chromosome aberrations such as
dicentric chromosomes and unbalanced translocations without telo-
mere shortening but with partial displacement of TRF2 from the
telomeres,'® and EBNA1 promotes telomere dysfunction via in-
duction of oxidative stress.”’ SKY of HL cell lines identifies com-
plex chromosomal rearrangements already in H cells that progress
through multiple BBF cycles to end-stage multinuclear RS cells.?!
In these RS cells, y-H2AX, Mrell, and Rad51c are upregulated
and TRF2 is mainly cytoplasmic.® This is consistent with telomere
dysfunction because conditional TRF2 deletion elicits an ataxia-
telangectasia-Rad3 (ATM)-mediated telomere damage response
with y-H2AX upregulation resulting in telomere fusions and con-
sequently giant chromosomes in mouse fibroblasts® as well as in
endoreplication and giant hepatocytes.>**° Moreover, conditional
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Figure 5. LMP1-induced changes in expression levels of shelterin RNAs and proteins are reversible. (A) Quantitative reverse-transcriptase polymerase chain reaction
analysis of the mRNA expression of indicated shelterin genes on LMP1 expression and suppression. The mRNA levels of indicated genes (in relative units) at days 1, 3, 7, and
14 are normalized with expression of 3 housekeeping genes to the LMP1-suppressed cells at each time point. Also shown are levels for the mRNAs at days 7 and 14 if the
expression of LMP1 was suppressed at day 3 (burgundy bars) or at day 14 if LMP1 expression was suppressed at day 7 (blue bars). Bars show mean values * standard
deviation of 3 independent experiments. *P < .05; **P < .0001 by Student t test. (B) LMP1 induced changes in expression levels of indicated shelterin proteins. Upper panel:
BJAB-tTA-LMP1 cells were induced for the expression of LMP1 for 3, 7, and 14 days by removal of tetracycline. Protein levels of LMP1, TRF2, POT1, and a-tubulin as loading
control were analyzed by western blotting by using corresponding antibodies. Reduction of shelterin proteins is observed (TRF2 and POT1) when LMP1 expression is
induced. The suppression of LMP1 at day 3 returns shelterin proteins to the initial level of expression at day 7 (red boxes), and the suppression of LMP1 induction at day 7
returns shelterin proteins to the initial level of expression at day 14. Representative results from 3 independent experiments are shown. (C) Combined telomere FISH (red) and
TRF2 immunostaining (green). Panel Ci: BJAB-tTA-LMP1-suppressed transfectant at day 14 shows nuclear TRF2 either free (green) or associated with mainly midsized
telomeres (red) resulting in an orange-yellow signal in mononuclear cells. Panel Cii: BJAB-tTA-LMP1—induced cell with RS-like morphology. Abundant small telomeres and

aggregates but nearly absent TRF2 (green arrows) were observed. Nuclei were counterstained with DAPI (blue).

deletion of TRF1 induces chromosomal fragility resulting in chro-
mosome concatenation, sister chromatid fusions, and multitelomeric
signals.*'** Conditional deletion of POT1 activates the ATM-
related DNA damage response™>** allowing to bypass mitosis and to
generate tetraploidy.*> Analogous results associated with down-
regulation of shelterin proteins are observed in this study. How-
ever, and most importantly, the observations reported here concern
the setting of stable LMP1 oncoprotein expression in post germinal
center B cells, which is a hallmark of H and RS cells in EBV-
associated HL.

The results show that LMP1 exerts profound effects on the shelterin
proteins TRF1, TRF2, and POT1. Continuous LMP1 expression results
in their substantial downregulation at the transcriptional and trans-
lational level and is associated with a highly significant formation of
multinucleated RS-like cells (P < .0001). This downregulation is
completely reversible upon cessation of LMP1 oncoprotein expression,

underscoring a tight interference with the endogenous shelterin protein
expression. This effect is most pronounced for TRF2, whose expres-
sion is crucial in avoiding NHEJ recombination, which leads to giant
chromosomes, hyperploidy, and endomitosis.**** The data also show
that compensation of the LMP1-induced downregulation of TRF2 by
CMV-driven and thus LMP1-independent myc-tagged TRF2 expres-
sion successfully blocks formation of multinucleated RS-like cells
(Figure 6B). We conclude that downregulation of TRF2 by expression
of LMP1 induces multinuclearity. This finding largely explains earlier
observations in which a transient expression of LMP1 in the EBV-
negative Hodgkin cell lines L-428, KMH?2, and HD-MyZ significantly
increases the formation of RS cells.***® Thus, LMP1 appears to mimic
and/or accelerate signaling pathways identical to those involved in the
pathogenesis of EBV-negative HL,* leading to the formation of short
and very short telomeres without TRF2 protection as observed in
EBV-negative HL (supplemental Figure 5).
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Figure 6. Maintenance on the expression of mycTRF2 after induction of LMP1 abolishes multinuclearity. (A) Representative western blot for the expression of
mycTRF2, TRF2, and TRF1 in cells exposed for 3 days to the removal of tetracycline. Upper panel: LMP1 expression. Middle panel: expression of mycTRF2 revealed with
anti-myc antibody. Lower panel: expression of TRF2 and TRF1 compared with a-tubulin as loading control, using a mix of antibody. In the double stable transfectant BJAB-
tTA-LMP1/mycTRF2 (lanes 5 and 6) mycTRF2 is equally expressed independent of LMP1 expression, whereas total TRF2 (LMP1-dependent TRF2 and mycTRF2) is high in
the presence of tetracycline (LMP1 suppressed, lane 5) but equal to mycTRF2 in the absence of tetracycline (LMP1 expressed, lane 6). Note also the LMP1-induced
suppression of TRF1 (lanes 4 and 6). (B) Count of multinucleated cells by using the Operetta system in the presence or absence of tetracycline over a period of 10 days. Cell
line analyzed is indicated in top of each panel. LMP1 expression results in a significant increase of bi- or multinuclear cells only in the BJAB-tTA-LMP1—induced cells (mid
panel), whereas LMP1-independent, CMV-driven TRF2 expression compensates the LMP1-induced TRF2 suppression, abolishing multinucleation (bottom panel). Based on
3 independent experiments. *P < .05, Student ¢ test).
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The molecular events triggering the early steps of EBV-
associated HL are largely unknown. Downregulation of CD99 (mic2)
appears to be involved in this process,*® and the mononuclear precursor
H cells exhibit multiple random chromosomal rearrangements.>*>"
These complex chromosomal patterns are the result of ongoing BBF
cycles as demonstrated by SKY combined with telomere FISH?';
for example, a t(1;17) found in an H cell becomes a four-way
translocation in an end-stage RS cell t(1;17;13;18) associated with
interstitial telomere signals and telomere-free chromosome ends.>’
This dynamic process of nuclear remodeling probably begins in the
few monoclonal circulating B cells® or even earlier in activated
EB V-infected tonsillar germinal center B cells, which escape immuno-
surveillance.> Substantial LMP1-induced alterations in the expres-
sion of several shelterin proteins, which act as gatekeepers for correct
DNA replication and normally protect the chromosome ends®>>?
may substantially contribute to the unraveling of the molecular
pathogenesis of EBV-associated HL.

The data presented in this article, in particular the LMP1-induced
downregulation of TRF1, TRF2, and POT1 associated with multi-
nucleation, as well the suppression of the LMP1 associated multi-
nucleation through an LMP1-independent induced re-expression
of TRF2, strongly support our recent hypothesis of EBV-associated
HL as a shelterin-related disease.>* Based on our results, TRF2 ap-
pears to be a major target of LMP1 but not the sole downstream
effector of telomere dysfunction in this setting.
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