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ABSTRACT

Telomere maintenance is essential to preserve ge-
nomic stability and involves telomere-specific pro-
teins, DNA replication and repair proteins. Lamins
are key components of the nuclear envelope and play
numerous roles, including maintenance of the nu-
clear integrity, regulation of transcription, and DNA
replication. Elevated levels of lamin B1, one of the
major lamins, have been observed in some human
pathologies and several cancers. Yet, the effect of
lamin B1 dysregulation on telomere maintenance re-
mains unknown. Here, we unveil that lamin B1 over-
expression drives telomere instability through the
disruption of the shelterin complex. Indeed, lamin
B1 dysregulation leads to an increase in telom-
ere dysfunction-induced foci, telomeric fusions and
telomere losses in human cells. Telomere aberra-
tions were preceded by mislocalizations of TRF2 and
its binding partner RAP1. Interestingly, we identi-
fied new interactions between lamin B1 and these
shelterin proteins, which are strongly enhanced at
the nuclear periphery upon lamin B1 overexpression.
Importantly, chromosomal fusions induced by lamin
B1 in excess were rescued by TRF2 overexpression.
These data indicated that lamin B1 overexpression
triggers telomere instability through a mislocaliza-
tion of TRF2. Altogether our results point to lamin B1
as a new interacting partner of TRF2, that is involved
in telomere stability.

INTRODUCTION

Telomeres, which constitute the linear ends of eukaryotic
chromosomes, are essential for genomic stability and deter-
mine the proliferative capacity of cells (1). Dysfunctional
telomeres elicit a DNA damage-like response leading to cell
cycle arrest, genomic instability, cell death, or senescence
depending on cellular context. Mammalian telomeres con-
sist of tandem DNA repeats of the TTAGGG sequence fol-
lowing by a 3’ single-strand overhang and adopt a protective
T-loop structure formed by the invasion of the 3’-overhang
into the telomeric duplex part. This structure hides telomere
extremities from being recognized as DNA double-strand
breaks by the DNA repair machinery (1). This capped con-
formation is formed and stabilized by a specialized telom-
eric protein complex, named ‘shelterin’ (2). Among these
proteins, TRF2 plays a key role in the protective function
of telomeres. TRF2 binds to the duplex telomeric DNA as
a dimer and is required for the T-loop formation by stimu-
lating strand invasion of the 3’ overhang into duplex DNA
(3-5). Beside its role in t-loop formation, TRF2 can specif-
ically inhibits ATM-dependent DNA damage response sig-
naling as well as NHEJ and HR at telomeres through its in-
teractions with different factors involved in these processes
(6-9). Loss of TRF2 function, by expression of a dominant-
negative mutant of TRF2 (TRF22B2M) Jeads to telomere
dysfunction-induced foci (TIFs) (10), end-to-end chromo-
some fusions, growth arrest and senescence or apoptosis in
human cells depending on the genetic background (11-13).
RAPI1, another shelterin subunit which physically interacts
with TRF2, is recruited to telomeres in a TRF2-dependant
manner, and thereby reinforces TRF2 affinity for telomeric
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sequences (14,15). RAP1 cooperates with TRF2 to protect
telomere from recombinations by the homology directed
repair pathway (16,17) and from NHEJ (18-20). Recently,
RAPI1 was found to protect telomeres of human senescent
cells (21). In somatic cells, telomere length progressively de-
creases with aging in part due to end-replication problem,
while in tumors cells, telomeres are stabilized by upregu-
lation of the telomerase or by activation of the alternative
lengthening of telomeres mechanism (ALT) (22,23). In ad-
dition, telomere maintenance in mammalian cells involves
numerous other factors principally involved in DNA repair
and replication (24,25). Deregulation of these mechanisms
plays important role in tumorigenesis and in premature ag-
ing. Thus, it is important to identify new factors involved
in telomere maintenance and to characterize their interplay
with telomeric proteins.

Links between nuclear envelope and telomeres have been
well established in the budding yeast in which telomeres ag-
gregate and tether at the nuclear envelope (26). In mammals,
meiotic telomeres are attached and clustered to the nuclear
envelope and move along during meiotic prophase I (27).
While in somatic cells telomeres are localized throughout
the cell nucleus (28), they are transitory enriched at the nu-
clear periphery during post-mitotic nuclear reassembly (29).
Telomere tethering to the nuclear envelope during nuclear
reassembly was proposed to play a role in the reorganization
of chromatin domains in the daughter cells (29). Moreover,
a subset of telomeres was also found localized closed to nu-
clear periphery during replication (30). Interestingly, during
senescence of human mesenchymal stem cells, telomeres ag-
gregate and relocalize at the lamina (31). Lamins—type V
intermediate filament proteins—are major components of
the lamina in metazoan organisms, located mainly at the in-
ner layer of the nuclear envelope, and play numerous roles,
including maintenance of the nuclear integrity, regulation
of chromatin organization, gene expression, DNA replica-
tion, DNA damage repair and genome stability (32,33). In
mammals, there are two types of lamins: A-type and B-type,
that form distinct filamentous meshwork and present with
differences in expression pattern, in maturation process or
in their protein interaction networks, suggesting that they
carry out specific functions (34). A-type lamins expressions
are restricted to fully differentiated cells (35), and mutations
in lamin A gene have been associated with several degener-
ative disorders, including muscular dystrophies and prema-
ture aging syndrome, as well as the well-known Hutchinson
Gilford progeria Syndrome (HGPS) (36,37). B-type lamins
are present among all metazoans, including lower organ-
isms and invertebrates, while A-type lamins are restricted
to higher organisms with the exception of Drosophila that
has both types of lamins (38,39). Among lamins, lamin B1
is one of the major lamins, ubiquitously expressed in so-
matic cells (including undifferentiated cells, differentiated
cells and stem cells) from early embryogenesis and through-
out life (40). However, a decrease in lamin B1 is observed
in senescent cells (41,42). Lamin B1 is permanently farne-
sylated, a modification that enables it to be anchored to
the inner nuclear membrane, although lamin B1 has been
found to form stable structures in nucleus interiors (34,43—
46). To date, no human disease has been linked to lamin
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B1 loss-of-function or defect, excepted in few tumors in-
cluding lung carcinoma (47), for which a decrease in lamin
B1 has been reported. Very recently, missense mutations in
LMNBI gene leading to dominant-negative forms of lamin
B1 have been involved in primary microcephaly (48,49).
Importantly, overexpression of lamin Bl has been seen in
few human diseases and in many cancers. Indeed, increased
lamin B1 expression due to duplication of the lamin Bl
gene (LM NBI) causes the rare adult-onset autosomal dom-
inant leukodystrophy (ADLD), a demyelinating neuropa-
thy of the central nervous system (50). Elevated levels of
lamins B1 have been also reported in the Werner syndrome
(51), and by our team, in the Ataxia-Telangiectasia disor-
der (AT) and we showed that increased lamin Bl expres-
sion accounts for nuclear shape alterations and senescence
in this condition (52). More recently, elevated levels of lamin
B1 have been found in different types of cancer, including
ovary and prostate tumors, as well as, clear cell cancer car-
cinoma, pancreas and liver cancers (53-59). For these latter
three cancers, a positive correlation between lamin Bl ex-
pression levels and tumor aggressiveness have been reported
(56-58).

However, the mechanisms by which lamin Bl may con-
tribute to tumorigenesis still remain elusive. In order to ad-
dress this question, we evaluated its impact on chromosome
stability especially telomeres. Indeed, telomere dysfunction
can favor tumorigenesis (60). Notably telomeric fusions can
generate chromosomal instability via break-fusion-bridge
cycles that lead to genomic rearrangements (61). Previously,
it was reported that proliferative defects of fibroblasts in-
duced by lamin B1 overexpression could be rescued by the
telomerase catalytic subunit h"TERT, suggesting that prolif-
erative defect is associated to telomere alterations/or short-
ening upon lamin B1 upregulation (62). However, a role of
lamin B1 in telomere stability has not been reported yet.

Here, we unveil that lamin B1 is involved in telomere sta-
bility. Indeed, we demonstrated that increased level of lamin
B1 leads to telomere instability marked by TIFs induction
and telomere aberrations, i.e. telomeric fusions and telom-
ere losses. Furthermore, we identified a new interaction be-
tween lamin B1 and the key shelterin protein TRF2, as well
as with its binding partner RAP1, and that both sheterin
proteins are required to form stable complexes with lamin
B1. The head-coill domain of lamin B1 and the linker re-
gion (or hinge domain (8)) of TRF2 are involved in their
association. Thus, lamin Bl is a new interacting partner
of mammalian telomere shelterin. We further showed that
TRF2 and RAPI1 present an aberrant nuclear diffuse local-
ization upon lamin B1 overexpression. These mislocaliza-
tions were associated with increased interactions of these
proteins with lamin B1, preferentially at the nuclear periph-
ery. Importantly, telomeric instability induced by lamin B1
in excess are counteracted by increasing expression levels of
TRF?2 protein. Hence, we provide evidences that lamin B1 is
a new player in human telomere stability, and propose that
its upregulation induces telomere dysfunction and subse-
quent chromosomal instability through the trapping to nu-
clear lamina of shelterin proteins, TRF2 and RAP1, leading
to aberrant localizations of these latter and impairment of
their function.
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MATERIALS AND METHODS
Cell cultures

Human cells: normal embryonic diploid fibroblasts, WI-
38 (Coriell Cell Repositories), normal primary fibroblasts
from healthy donor (GM08399) (Coriell Cell Repositories)
and immortalized SV40-fibroblasts (GM0639) (Coriell Cell
Repositories) were grown in Dulbecco’s modified Eagle’s
medium (DMEM) medium supplemented with 10% fetal
bovine serum (Gibco), 2 mM glutamine and antibiotics
(penicillin, 200 U/ml and streptomycin, 200 mg/ml, Sigma)
at 37°C with 5% CO,. Experiments on primary fibroblasts
were performed during their proliferative lifespan, up to 15
passages for GM08399 and between 15-22 passages for WI-
38, and lack of replicative senescence induction at these pas-
sages in basal condition was checked by SA-B-galactosidase
assays (data not shown).

Transfection

SV40-fibroblasts were seeded at the density of 1.5 or
1.75 x 10° cells per six-well dishes for most of the ex-
periments or at the density of 1 x 10° cells per 100
mm petri dishes for co-immunoprecipitation) 24 h prior
to transfection. For single-transfections, SV40-fibroblasts
were transitory transfected using JetPEI (Polyplus) trans-
fection reagent with an empty plasmid as control (CTRL),
or a pCMV6 plasmid containing the WT human lamin B1
cDNA (LMNBI). For rescue experiments with TRF2 vec-
tors, SV40-cells were transfected either with empty vector
CTRL, LMNBI vector or a pEGFP plasmid containing
human GFP-TRF2- cDNA (GFP-TRF2) or co-transfected
with both LMNBI and GFP-TRF2 vectors with equal
number of moles (2.5 x 10713 mol of DNA /well). For single
transfection, the amounts of plasmids were adjusted with
CTRL vector to transfect equal moles of DNA in a ra-
tio 1:1 for each condition. Transient transfection on WI-38
(5 x 107 cells per one transfection in a well of six-well plates
using 2 pg of DNA) were performed by nucleofection using
Amaxa device (Lonza) following manufacturer’s instruc-
tions. SiRNAs transfections were performed with Interferin
reagent (Polyplus) using 20 nM /well of smart-pool siRINAs
designed against lamin Bl (Dharmacon) or a scrambled
siRNA as control (Eurogenetec). Efficiency of transfections
was checked by western blot or immunofluorescence assays
using specific antibodies for proteins of interest.

Constructions of vectors expressing RAP1, TRF2 long iso-
form, TRF2 linker and lamin B1 fragments

The HA-RAP1 expression vector was obtained
by cloning a PCR product (Primer forward:
GAAAACCTGTATTTTCAGGGCGCTCCGGAA
GCGGAGGCGATGGATTTG; primer reverse:
GGGGACCACTTTGTACAAGAAAGCTGGGTC
CTCGAGTCATTTCTTTCGAAATTCAATCCTCC)
amplified from pCMV6-AC-GFP-RAP1 (RC205112, Ori-
Gene) into pDONOR207. Then, the ORF was transferred
into pcDNA3-HA puromycin vector by restriction-ligation
at the Nhel and Xhol sites. The GFP-TRF2 longer isoform
expressing vector was purchased from Genscript (Clone

ID OHul6732 into pcDNA3.1 + N-eGFP vector). The
linker TRF2 expressing vector (pCDNA-HA-Linker)
were obtained by cloning a PCR product (Primer for-
ward: TGAAACAGGCTTTCATTTCC; primer reverse:
GAAATGAAAGCCTGTTTCATATATTGGTTGTA
CTGTCTTCATC) amplified from the pEGFPCI1-TRF2
vector (kind gift from D. Gomez, IPBS, Toulouse) into
pDONOR207. Then, the ORF was transferred into
pcDNA3-HA puromycin vector by restriction-ligation
at the Nhel and Xhol sites. The construction of vectors
expressing different Flag-lamin Bl fragments and the
Flag-lamin B1 vector were described elsewhere (63). All
constructs were verified by DNA sequencing

Immunostaining experiments

For immunostaining of RAP1, TRF1, TRF2 together with
lamin B1, cells grown on coverslips, 24 or 48 h after trans-
fection, were pretreated with extraction buffer (50 mM Tris—
HCI, 150 mM NacCl, 1% Trition-X100, 1 mM NaF, 1 mM
Na3zVOy, | mM PMSEF, as described in (64), 2 min on ice be-
fore fixation in 2% PFA (10 min)). For single staining with
lamin B1, cells were directly fixed in 4% PFA or in ice-cold
100% methanol (10 min). Then, cells were saturated in PBS
with 2% BSA-0.05% Tween and stained for 1 h with pri-
mary antibodies (mouse anti-TRF1 (Sigma T1348), mouse
anti-RAP1 (ab14404, Abcam), mouse anti-TRF2 (Imgenex
124A or Santa Cruz B5) and rabbit anti-lamin B1(ab16048,
Abcam), then washed and incubated 1 h with the secondary
antibodies (alexa fluor-488 (Life Technologies) or mouse
primary antibody and alexa fluor -594 (Life Technologies)
for rabbit primary antibody). Nuclei were then counter-
stained with DAPI and slides were mounted with fluoro-
mount mounting medium (Southern Biotech). Images were
acquired on epifluorescence microscope leica DM 5500B us-
ing a 63 x-oil objective and analyzed with ImageJ software.

Western-blot

Whole cellular extracts were lysed in SDS buffer (10 mM
Tris (pH 7.5), 1% SDS, complete protease inhibitor cock-
tail (Roche) and phosphatase inhibitors cocktail 2 and 3
(Sigma). 30 to 50 pg of protein extracts were analyzed
by SDS-PAGE on a 4-12% NuPAGE Bis-Tris gradient
gel or 3-8% Tris-acetate gel and run using MOPS or
Tris-acetate running buffer (Invitrogen) following manu-
facturer’s instructions. Gels were transferred on nitrocel-
lulose membrane (Amersham) and immunoblotted using
specific primary antibodies: mouse anti-TRF2 (Imgenex
124A or Santa Cruz BS5), rabbit anti-lamin B1 (ab16048,
Abcam), mouse anti-RAP1 (ab14404, Abcam), lamin A
(ab8980, Abcam) and lamin A/C (cs4777, Cell signaling).
Rabbit anti-B-actin (2066, Sigma) or mouse anti-Vinculin
(ab18058, Abcam) antibodies were used as loading controls.
Primary antibodies were either detected using horseradish
peroxidase (HRP)-conjugated secondary IgG antibodies
(GE Healthcare) and enhanced chemiluminescence detec-
tion kit (EZ-ECL, Biological Industries) or using secondary
fluorescent antibody (IR800 and IR700, Diagomics). After
chemical detection, protein levels were quantified by den-
sitometric analysis of exposed films using ImageJ software.



For near-infrared fluorescent detection, membranes were
scanned on Odyssey Imaging system (LI-COR) followed by
analysis of protein levels with ImageStudio software (LI-
COR). Levels of protein of interest were normalized with
respect to loading control.

Metaphase spreading and chromosome analysis

Cells (48 h, 72 h or 6 days after transfection) were plated
at the density of 0.5 to 1 x 10° cells per T25-flasks for
SV40-fibroblasts or 0.3 x 10° cells per T25 for WI-38.
Twenty-four hours after, colcemid (0.1 wg/ml) (Sigma) was
added in cell culture medium during the final 2 h. After
hypotonic swelling (20 min, 37°C) in prewarmed KCL so-
lution (0.0375M KCI and 1/12 human serum (Lonza) in
H,0), cells were fixed in 3:1 (v/v) ethanol/acetic acid and
kept at least 24 h at 4°C. Then cells were washed in fixa-
tive solution, dropped onto ice-cold glass slides and aged
overnight at room temperature. Then, slides were stained
with 4% Giemsa solution (Sigma) and mounted with Eukitt
mounting medium. Metaphase spreads were captured using
bright-field microscopy (DMS5500B, Leica) with a 60x-oil
objective lens.

Telomere PNA FISH

FISH was carried out following standard procedures (65)
on cells grown on coverslips for quantitative-FISH in inter-
phase nuclei (Q-FISH) or on metaphase spreads obtained
as described below for quantification of telomeric aberra-
tions. Briefly, slides were rehydrated in PBS and fixed with
4% paraformaldehyde in PBS. After washing, the slides
were dehydrated with a cold ethanol series and hybridized
with a Cy3-labeled C-rich telomere probe (CCCTAA); with
or without a FAM-centromeric PNA probe (Eurogentec)
in 70% formamide, 10 mM Tris (pH 7.2), and 1% BSA.
DNA was denatured for 3 min at 80°C, and hybridization
was carried out at room temperature (RT) in a humidified
chamber at least 3 h or overnight. The slides were washed
twice in 70% formamide, 10 mM Tris (pH 7.2) and subse-
quently washed three times in 0.05M Tris (pH 7.2), 0.15
M NaCl and 0.05% Tween-20. Then DNA was counter-
stained with DAPI and slides were mounted with fluoro-
mount mounting medium and imaging was performed us-
ing a SPE Leica laser scanning confocal microscope with a
63 x-oil objective and analyzed with the ImageJ software.
For Q-FISH, quantification was performed with Imagel
software on maximal projection of 3D-images of DAPI,
Cya-3 and lamin Bl signals acquired. Nuclei segmentation
were performed on DAPI channel and applied to other
channels. Cy3-PNA signals (telomere spots) were counted
with the local maxima tools or 3D objects counter plugin
and the total fluorescence intensity of telomere signals per
nucleus was quantified with the 3D objects counter plugin
by applying consistent size thresholds. Identical size thresh-
olds were used to compare two experimental conditions.
The average DAPI fluorescence intensity for each nucleus
was quantified and used to normalize the measured Cy3
PNA fluorescence intensities. The average lamin B inten-
sity was quantified for each nucleus. A minimum of 50 nu-
clei were counted for each condition and experiments were
performed in triplicate.
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Immuno-FISH

Cells, 48 h after transfection, were fixed with ice-cold 100%
methanol or 4% PFA, saturated in PBS with 2% BSA-0.05%
Tween and stained for 1 h with primary antibodies (mouse
anti-y-H2AX (Clone JBW301, Milipore) or mouse anti-
TRF2 (Imgenex 124A or Santa Cruz B-5) and rabbit anti-
lamin B1 (ab16048, Abcam), then washed and incubated
1 h with the secondary antibodies (Alexa fluor-488 (Life
Technologies) for mouse primary antibody and Alexa fluor-
647 (Life Technologies) for rabbit antibody). Cells were
fixed in 2% PFA, dehydrated with ethanol and air dried.
Cells were hybridized with the Cy3-labeled C-rich telom-
ere probe (CCCTAA); (Eurogentec) as described for Telo-
FISH. Images were acquired using the SPE confocal micro-
scope and processed with ImagelJ software. For TIFs analy-
sis, cells were scored for y-H2AX foci that colocalized with
telomeric PNA signals. For TRF2 immuno-FISH, nuclei
were scoring for telomere and TRF2 spots co-localization
and fluorescence intensity quantification using the ImagelJ
software. Fluorescent intensities of TRF2 foci localized at
telomere were normalized against telomere FISH signal in-
tensity. Telomere intensity per nuclei was normalized to
DAPI fluorescent integrated intensity. At least 50 cells were
scored for each condition.

Proximity-ligation assay (PLA)

Cells grown on coverslips were fixed in methanol for 10 min,
blocked and stained as described above for immunostaining
with the following primary antibodies couples: mouse anti-
TRF2 (Imgenex 124A) with rabbit anti-lamin B1 (ab16048,
Abcam) or mouse anti-RAP1 (ab14404, Abcam) with rab-
bit anti-lamin Bl (ab16048, Abcam) or mouse anti-HA
(HA.11, Biolegend) with rabbit anti-lamin Bl (ab16048,
Abcam) or mouse anti-GFP (ab1218, Abcam) with rab-
bit anti-lamin Bl (ab16048, Abcam) or rabbit anti-Flag
(F7425, Sigma) with mouse anti-TRF2 (Santacruz B-5).
PLA was performed using the Duolink in situ detection
Kit (Sigma) according to the manufacturer’s protocol. For
some experiments, when indicated in figure legends, PLA
was coupled with immunostaining of lamin Bl to detect
lamin B1-positive cells. For experiments with Flag-lamin B1
constructs or with HA-TRF2-Linker, anti-Flag and anti-
HA antibodies, were used to detect Flag or HA expression
intensity, respectively. Digital images were acquired with the
SPE confocal microscope using a 63 x-objective lens. Im-
ages were processed with ImageJ software.

Co-immunoprecipitation

Cellular proteins from SV40-fibroblasts were extracted on
ice using 50 mM Tris-HCI (pH 7.5), 150 mM NacCl, 5
mM EDTA, 0.5% NP40 and a protease inhibitor cock-
tail (Roche). Protein extracts were treated with the Ben-
zonase nuclease (0.5 U/pl, E1014, Sigma) supplemented
with 10 mM MgCl, for 1 h at RT. Dynabeads protein G
kit was used for the co-immunoprecipitation (co-IP) ac-
cording to the manufacturer recommendations (Life Tech-
nologies). Briefly, 5 wg of antibodies raised against lamin
B1 (ab16048) or TRF2 (Imgenex 124A) were coupled with
Dynabeads at RT for 1 h. The beads were subsequently
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washed three times with 0.05% Tween-20 in PBS before the
incubation step with 0.5-1 mg of protein cell extract (1h30
at RT). Laemmli buffer (2X) with 4% B-mercaptoethanol
was used to dissociate and denature the beads-antibodies-
proteins complexes. Western blot analysis was performed
to reveal the proteins as described above using rabbit anti-
lamin B1 antibody (ab16048), mouse anti-TRF2 antibody
(Imgenex 124A) or rabbit anti-TRF2 antibody (2645, Cell
signaling). As Co-IP controls, aspecific mouse and rabbit
IgGs were used (mouse IgG, sc2025 Santa Cruz or rabbit
IgG, sc 2027, Santa Cruz).

Statistical analysis

Statistical analyses (unpaired student z-tests and Mann—
Whitney tests) were performed using GraphPad Prism soft-
ware.

RESULTS

Lamin B1 overexpression induces telomere instability in hu-
man cells

To explore the role of lamin Bl in telomere stability, we
decided to focus on the impact of its overexpression on
telomere integrity, as main pathological conditions involv-
ing lamin B1, i.e. ADLD or several types of cancers, present
an upregulation of lamin B1 expression levels. Therefore, we
overexpressed lamin B1 in human normal or immortalized
fibroblasts. Importantly, the lamin B1 protein levels in over-
expressing cells were increased in a range similar to those
observed in pathological conditions (Figure 1A and Sup-
plementary Figures S1 and S2A) (1.5- to 5-fold increases
in protein levels compared to control conditions such as
in ADLD’s patient cells (66,67) or in tumor cells with
upregulated levels of lamin Bl (54,57,58)). To determine
whether lamin B1 upregulation results in telomere dysfunc-
tion, we first examined the impact of lamin B1 overexpres-
sion on formation of DNA-damage foci localized at telom-
eres, known as TIFs (telomere-dysfunction induced foci)
(10) in immortalized fibroblasts. Immuno-FISH were per-
formed using antibodies against the DNA-damage marker
v-H2AX and lamin Bl (to visualize cells overexpressing
lamin B1) and a telomere PNA probe. TIFs, revealed by
co-localization between y-H2AX foci and telomere signal,
were dramatically increased by 3.7-fold in cells transfected
with lamin Bl compared to control cells, 48 hours after
transfection (mean number of 5.6 & 0.5 TIFs/cells in lamin
Bl-transfected cells compared to 1.5 + 0.2 in control cells;
P < 0.0001) (Figure 1B). Of note, more than 57% of the
lamin Bl-overexpressing cells were TIFs-positive cells (cells
displaying 4 or more colocalizations between telomeric and
v-H2AX signals, as defined in (10) compared to 14.4% in
control cells). As alterations in lamin A could also lead to
telomere dysfunction (68-70), we checked that, in our ex-
perimental conditions, we did not affect the protein levels of
other lamins. Indeed, western-blot experiments showed that
the protein expression levels of lamin A, as well as lamin
B2 and lamin C levels remain unchanged upon lamin Bl
overexpression compared to control cells (Supplementary
Figure S1). These data thereby indicate that the observed
formation of TIFs was due to elevated lamin B1 level and

not indirectly to a potential misregulation of other lamins.
Thus, the increase in TIFs indicates that lamin B1 overex-
pression induces DNA damage at telomeres.

To further characterize the effect of lamin Bl overex-
pression on telomere stability, we analysed its impact on
chromosome stability in metaphase spreads from immor-
talized fibroblasts. Three days after transfection, we found
a significant 2.4-fold increase in chromosome fusion events
(i.e. mainly end-to end-chromosome fusions and at a lower
frequency chromatid-type fusions and sister chromatid fu-
sions) in metaphase spreads of cells overexpressing lamin
B1 compared to control cells (16.4 £+ 2.7 versus 6.9 + 0.9 fu-
sion events/100 metaphases, P < 0.0001) (Figure 1C). These
fusion events include telomere fusions as assessed by pres-
ence of telomere signals at the fusion points revealed by
Telo-FISH (Figure 1D). In lamin Bl-overexpressing cells
the telomeric fusions were significantly increased by 2.2-
fold compared to control cells. These data indicate that
lamin B1 overexpression impairs telomere stability in im-
mortalized cells. In association with end-to-end fusions, we
also observed by quantitative-FISH a significant decrease
in the telomere intensity and in telomeric spot number upon
lamin B1 overexpression on interphase nuclei (Figure 1E).
Indeed, 3 days after transfection, the telomere intensity
per nucleus and the mean telomeric spot number were re-
duced, respectively, by nearly 40% and 32% in lamin BI1-
overexpressing cells relative to control cells, suggesting that
lamin B1 overexpression leads to telomere losses in human
cells. Of note, terminal restriction fragment analysis did not
reveal detectable changes in the mean telomere lengths over
time upon lamin Bl overexpression compared to control
cell population (Supplementary Figure S3), indicating that
telomere losses observed by quantitative telomere FISH
may correspond to stochastic losses of entire telomere tracts
rather than progressive telomere shortening. Moreover, we
investigated telomere instability in a doxycycline-inducible
stable cell line for lamin B1 overexpression, that exhibits a
moderate increase of lamin B1 protein level (2.5-fold com-
pared to control cells, revealed by Western blot analysis)
upon doxycycline treatment (Supplementary Figure S4A),
as well as in lamin B1 intensity in immunofluorescent stain-
ing (2-fold compared to control cells) (Supplementary Fig-
ure S4C). A significant increase in fusions events, mainly
chromosomal end-to-end fusions, was observed upon in-
duction of lamin B1 overexpression (2.7-fold compared to
non-induced control cells) (Supplementary Figure S4D).

As telomere dysfunction can have a differential impact
depending on several parameters including cell type and
p53 status (71), we checked the impact of lamin B1 over-
expression on telomere stability of normal human diploid
fibroblasts. These cells exhibit a very moderate expression
of lamin B1 (1.5-fold increase compared to control cells) af-
ter transfection with lamin B1 vector (Supplementary Fig-
ure S2A). Telo-FISH on metaphase spreads, revealed a sig-
nificant increase in telomere aberrations, mainly telomere
losses at one chromatids and telomere fusions of sister chro-
matids, in lamin Bl-overexpressing cells compared to con-
trol cells (P < 0.0001) (Supplementary Figure S2B). In addi-
tion, we observed by Q-FISH, significant decreases in num-
ber of telomeric spots and in telomere intensity 7-days af-
ter transfection on interphase nuclei of WI-38 cells with a
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Figure 1. Overexpression of lamin Bl leads to telomere dysfunction in human cells. (A) Overexpression of lamin Bl in human immortalized fibroblasts
assessed by western blot. 48 h after transfection (either with the empty vector (CTRL) or the lamin B1 vector (LMNBI1)), lamin B1 level was controlled by
immunoblot using B-actin as loading control. Quantification of lamin B1 protein level from 8 independent experiments is shown (¥* 7-test P value < 0.0001;
errors bars represent SEM). (B) Induction of TIFs in lamin Bl-overexpressing cells. 48 h after transfection, cells were processed for IF-FISH using a
telomeric PNA probe (red) and antibodies against lamin Bl (magenta) and y-H2AX (green). DNA was counterstained with DAPI. Representative images
of IF-FISH from transfected cells are shown on top. Enlarged areas with TIFs are shown on right side. The number of TIFs (y-H2AX foci colocalized
at telomeres) per nucleus (with median values in red) and the percentage of TIFs-positive cells (defined as cells with >4 TIFs) &+ SD error bars from
three independent experiments are shown at the bottom (n > 120 cells, *** -test P value < 0.0001; **P = 0.0017). (C) End-to-end chromosomal fusions
induced 72-96 h after lamin Bl in metaphase spreads from transfected cells with CTRL or LMNBI vectors. Representative images of chromosomal
aberrations found in lamin B1-transfected metaphases stained with Giemsa are shown on left side: chromosome fusions (I), chromatid-type fusions from two
chromosomes (II) and sister chromatid fusions (III). Quantification of fusion events (means + SEM) is shown at the right. A minimum of 354 metaphases,
from four independent experiments, were analyzed for each condition (***z-test P value < 0.0007). (D) Telomere fusions (fusion with telomere signals
at the junction point) identified by Telo-FISH on metaphase spreads from cells described in (C). Representative images of telomere fusions and their
quantification (means == SEM) are shown. A minimum of 264 metaphases from four independent experiments were analyzed for each condition (**z-test
P value = 0.0053). (E) Telomere loss upon lamin B1 overexpression by Q-FISH analysis performed on interphase nuclei of transfected cells (CTRL or
LMNBI), 72 h after transfection. Representative images are shown. The mean numbers of telomere spot signals per nucleus (with median values in red) and
total fluorescence intensity of telomere signals per nucleus (means += SEM) are shown (from # = 3 independent experiments; ***¢-test P value < 0.0001).
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modest overexpression of lamin Bl (P < 0.0001 and
P = 0.0055, respectively) (Supplementary Figure S2C).
These data indicate that lamin B1 overexpression compro-
mises telomere integrity in both transformed human fibrob-
lasts and normal fibroblasts, even at low levels of over-
expression (1.5-fold) (Supplementary Figure S2A). There-
fore, these data unveil that in human cells, lamin B1 overex-
pression leads to telomere instability marked by TIFs and
telomeric aberrations, i.e. telomeric fusions and telomere
losses.

The shelterin proteins TRF2 and RAP1 are delocalized upon
lamin B1 overexpression

To explore the events that could initiate telomere instabil-
ity upon lamin B1 overexpression, we investigated the im-
pact of lamin B1 upregulation on the key shelterin protein
TRF2, as its defect leads to telomere decapping and sub-
sequent TIFs and telomere instability (10,13). We first ana-
lyzed the localization of this shelterin protein, upon lamin
B1 overexpression by immunofluorescent staining. Confo-
cal microscopy reveals that increased levels of lamin Bl lead
to a rapid mislocalization of TRF2 in nearly 43.2% =+ 4.6
of the total lamin Bl-overexpressing cells at 24 h, and up
to 68.2% =+ 5.7 at 48 h compared to, respectively, 10% =+
3.9 and 19.5% =+ 4.5 in control cells (Figure 2A). Indeed,
TRF?2 displays a typical punctate staining pattern in nor-
mal control cells (4), while lamin Bl-overexpressing cells
have an aberrant pattern of TRF2, i.e. disappearance of
TRF2 foci leading to a diffuse staining in the nucleus (Fig-
ure 2A). Importantly, delocalization of TRF2 occurs even
at a low level of lamin B1 overexpression (2-5-fold, simi-
lar to pathological conditions with upregulation of lamin
B1) as shown in Figure 2A (77.8% =+ 6.3 in 2-5-fold over-
expressing lamin B1 cells at 24 h) and by the analysis of
correlation between TRF2 foci number and lamin B1 level
in nuclei (Supplementary Figure S5). Quantitative analy-
sis revealed that the total mean fluorescence intensity of
TRF2 per nucleus remains statistically identical between
control and lamin B1 overexpressing cells (Figure 2B), while
the number of TRF2 foci was decreased significantly (Sup-
plementary Figure S5B). In addition, we showed by west-
ern blot that TRF2 protein level did not decrease upon
lamin B1 overexpression (Figure 2C), suggesting that loss
of typical TRF2 punctuate pattern is not due to a degra-
dation of TRF2 protein but rather to a re- or delocaliza-
tion of the protein. Furthermore, mislocalization of TRF2
upon lamin Bl overexpression was confirmed in normal
embryonic fibroblasts WI-38 (Supplementary Figure S2D)
and in the inducible cell line for lamin B1 overexpression
(Supplementary Figure S4C). To further analyze whether
TRF2 was delocalized from telomeres, immunolocalization
of endogenous TRF2 with telomeres detected by FISH in
lamin Bl-overexpressing cells was analyzed by confocal mi-
croscopy, 48 h after transfection. While almost all telom-
eres were colocalized with TRF2 foci in control cells (as
determined by the overlap between both TRF2 and telom-
ere signals in fluorescent intensity profiles, Figure 2D), nu-
merous telomere signals were devoid of TRF2 foci in lamin
Bl-overexpressing cells, as shown by lack of TRF2 signal
colocalized at telomere signal peaks. In particular, immuno-
FISH quantifications show that there were almost 4-fold

more telomeres completely devoid of TRF2 foci in lamin
B1-overexpressing cell compared to control cells (28.9% +
2.7 compared to 7.4% =+ 1.0), in association with a signif-
icant decrease in TRF2 fluorescent intensity at telomeres
(53%), while the average telomere spots intensity per cells
remained similar in both conditions (Figure 2E). Notably,
the telomere localization was not affected 48 and 72 h after
lamin B1 overexpression as assessed by the percentage of
telomere signals in the nuclear periphery area that is sim-
ilar in CTRL and lamin Bl-overexpressing cells (Supple-
mentary Figure S6). These data indicate that the disappear-
ance of TRF?2 foci localized at telomeres precedes telomere
losses observed in lamin B1-overexpressing cells, suggesting
that TRF2 may be delocalized from telomere upon lamin
B1 overexpression. To confirm this kinetic of events, we an-
alyzed the induction of telomere losses and fusion events,
24, 48 and 72 h after lamin B1-transfection. The earliest de-
tection of significant induction of telomere losses and fu-
sion events was 72 h after lamin B1 overexpression, while no
significant increase of these aberrations was detected 24 or
48 h following lamin Bl-transfection (Supplementary Fig-
ure S7A and B). Thus, our data showed that the mislocaliza-
tion of TRF2 upon lamin B1 overexpression occurs quickly
(24 h after transfection (Figure 2A)) during the first cell
cycle, suggesting that cell divisions are not needed for this
event. As the induction of telomeric instability (i.e. telom-
eric fusions and losses) were observed upon two or three
subsequent cell divisions (72 h after transfection (Supple-
mentary Figure S7A and B)), our data indicate that TRF2
delocalization is not a consequence of telomere losses but
rather the initial event of telomere instability.

To further characterize whether lamin B1 overexpression
induces telomere uncapping, we also investigated its impact
on the localization of other shelterin proteins. Immunoflu-
orescent staining of TRF2’s binding partner RAP1 showed
that overexpression of lamin B1 also affects its localization
inside the nucleus (i.e. disappearance of the typical focal
staining pattern of RAP1 (14) in 76.5% =+ 2.9 of the lamin
Bl-overexpressing cells compared to 4.4% =+ 1.3 in control
cells), even at low level of lamin Bl-overexpression (1-5-
fold), without affecting the protein level of RAPI (Figure
3A and B). Since the localization of RAP1 at telomeres re-
quires TRF2 binding to telomeric DNA (14), the abnormal
RAPI staining is consistent with the defect of TRF2 recruit-
ment to telomeres. By contrast, the percentage of cells with
abnormal staining pattern of TRF1, as well as the mean
number of TRF1 foci per nucleus, were not significantly
increased upon lamin B1 overexpression compared to that
observed in control cells (Figure 3C). These data suggest
that lamin B1 overexpression first affects the telomeric cap
rather than the whole telomere tract. Altogether our data
indicate that lamin B1 overexpression may induce telomere
uncapping and subsequent telomere instability by altering
localization of TRF2 and RAP1.

Lamin B1 interacts endogenously with TRF2 and RAP1 and
these associations are enhanced at the nuclear periphery upon
lamin B1 overexpression

The mislocalization of both TRF2 and RAPI upon lamin
B1 overexpression raises the possibility that lamin B1 may
interact with these key shelterin proteins. We first investi-
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Figure 2. Delocalization of the shelterin protein TRF2 after lamin B1 overexpression (A) Indirect immunofluorescence analysis of TRF2 in human SV40-
fibroblasts, 24 and 48 h after transfection with CTRL or LMNBI expression vectors. Representative images are shown on the left: cells were immunostained
with antibodies specific for TRF2 (green) and lamin B1 (red) and nuclei were counterstained with DAPI. Arrows point a cell nucleus overexpressing lamin
B1 in association with altered TRF2 staining pattern. Percentages of cells with abnormal TRF2 staining are shown in cells transfected with control vector
(CTRL) or with lamin B1 vector, divided in two categories: total population of lamin Bl overexpressing cells (LMNB1) or 2-5 fold overexpressing cells
as in a pathological range (LMNBI 2-5x) (means = SEM of two independent experiments are shown (*** z-tests P value < 0.0001 between CTRL and
LMNBI for the different time point 24 and 48 h, P < 0.0001 between LMNBI1 2-5x and total LMNBI at 24 h). (B) Indirect immunofluorescence analysis
of TRF2 in human SV40-fibroblasts, 48 h after transfection with CTRL or LMNBI expression vectors. Quantification of TRF2 mean fluorescent intensity
per nuclei in transfected cells compared with control cells is shown (histograms show means £+ SD from three independent experiments) (ns = ¢-test P
value non-significant). (C) Western-blot analysis of TRF2 protein levels 48 h after transfection in cells described in (A). Cell lysates were processed for
western blotting with antibodies specific for TRF2, lamin Bl and B-actin as loading control. Representative blots and quantification from 7 independent
experiments are shown (right panel) (histograms show means = SEM; ns = ¢-test P value non-significant). (D, E) TRF2 is delocalized from telomere
upon lamin B1 overexpression. (D) Representative confocal microscopic images of immuno-FISH performed with telomere PNA probe (red) and specific
antibodies against TRF2 (green) and lamin B1 (magenta) from cells 48 h after transfection with CTRL or LMNBI vectors. White lines on merge images
correspond to the path used for fluorescent intensity profiles analysis with imageJ. On right side, fluorescent intensity profiles showing colocalizations of
TRF2 and telomere signals in CTRL (top) or LMNBI1-overexpressing cells (bottom). (E) Left panel, quantification of the percentages of telomeres devoid
of TRF2 foci in control cells (CTRL) or lamin Bl-positive cells (with an average 3-fold overexpression). Histogram shows the mean (+ SEM) from two
independent experiments (7 = 50 cells analyzed per condition, ***P < 0.0001). Middle panel, quantification of TRF2 fluorescent intensity at telomere
per nucleus normalized against telomere FISH signal intensity in the same cells analyzed for the left panel and compiled in a Tukey box plot (***Mann
Withney test P value < 0.0001). Right panel, quantification of telomere intensity per nuclei normalized to DAPI intensity is shown. Graph represents mean
(£ SD) in the same cells analyzed for the left and middle panels (z-test P value ns = non-significant).
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Figure 3. Delocalization of the shelterin TRF2-interacting partner RAP1 but not TRF1 after lamin B1 overexpression (A) Indirect immunofluorescence
analysis of RAPI in SV40-fibroblasts 48 h after transfection with CTRL or LMNBI expression vectors. Representative images of cells overexpressing
lamin B1 by 1-2-fold and 2-5-fold are shown on the left panel: cells were immunostained with antibodies specific for RAP1 (green) and lamin B1 (red) and
nuclei were counterstained with DAPI. Percentages of cells with abnormal RAP1 staining are shown on the right panel in cells transfected with control
vector (CTRL) or with lamin BI vector (LMNBI), divided in two categories (cells overexpressing lamin B1 (+) or with no significant overexpression
of lamin Bl compared to control (-)). Means &+ SD of three independent experiments. *** ¢-test P value < 0.0002. (B) Western-blot analysis of RAP1
protein levels in cells described in (A). Cell lysates were processed for western blotting with antibodies specific for RAP1, lamin B1 and B-actin as loading
control. Representative blots and quantification from six independent experiments are shown (right panel). Histograms show means + SD; ns = ¢-test P
value non-significant. (C) Indirect immunofluorescence staining of TRF1 in SV40-fibroblasts 48 h after lamin-B1 overexpression. Representative images
are shown on top: cells were immunostained with antibodies specific for TRF1 (green) and lamin Bl (red) and nuclei were counterstained with DAPI.
At bottom, quantification of TRF1 foci number per cells is shown on left from three independent experiments (means & SEM; ns = ¢-test P value non-
significant). Quantification of cells with abnormal staining pattern of TRF1, 48 h after lamin Bl-overexpression, is shown on right (mean + SEM from
three independent experiments; ns = ¢-test P value non-significant)



gate whether lamin B1 could interact with TRF2 in human
fibroblasts by in situ proximity ligation assay (PLA) stain-
ing. Using a couple of specific antibodies against these two
proteins, we showed a new interaction in close proximity be-
tween endogenous TRF2 and lamin B1 in human cells, as
shown by the formation of red dots. The PLA dots number
is significantly reduced by nearly 3-fold with siRNA against
lamin B1, showing the specificity of the interaction (Figure
4A). Moreover, we confirmed endogenous TRF2-lamin B1
interactions in two other cell types: normal diploid embry-
onic fibroblasts WI-38 and normal adult primary fibrob-
lasts (Figure 4B). Of note, the endogenous TRF2-lamin
B1 interactions are localized throughout the nucleus, and
not particularly at the nuclear periphery. In accordance
with these observations, previous papers have reported a
pool of lamin BI, not associated with lamina, in the nu-
cleoplasm, forming stable structures detectable as discrete
foci (34,43,46), suggesting that the endogenous interactions
between TRF2 and lamin BI also involve nucleoplasmic
lamin B1. We next evaluated the impact of lamin B1 over-
expression on TRF2-lamin B1 interaction. We performed
in situ PLA assay coupling with lamin B1 staining on im-
mortalized fibroblasts transfected by lamin Bl-expression
vector or empty-control vector and found that signal dots
of TRF2-lamin Bl PLA were increased by 2.6-fold and 5-
fold for a 1-2-fold and 2-5-fold lamin Bl-overexpression,
respectively (P < 0.0001) (Figure 4C). Importantly, increase
in lamin B1-TRF2 PLA dots was detected as carly as 24
h after transfection in kinetic experiments upon lamin Bl
overexpression, even at low lamin Bl level of overexpres-
sion (2-5-fold) (Supplementary Figure S7C). We also con-
firmed the increase in TRF2-lamin B1 PLA dots upon mod-
erate lamin Bl overexpression in the inducible cell line for
lamin B1 treated with doxycycline (Supplementary Figure
S4B). Interestingly, the localization of the interacting dots
was significantly enriched at the nuclear periphery, as shown
by the 3D-confocal image analysis (70.8% =4 2.3 of dots in
the area of nuclear periphery for lamin Bl-overexpressing
cells compared to 33% for control cells, equivalent to the
value for a random distribution of dots in the nucleus (29))
(Figure 4D). To better visualize the accumulation of PLA
dots at the nuclear periphery, we performed PLA coupled
with staining of emerin, a nuclear protein localized at the
inner nuclear membrane (72). This co-staining enables us to
visualize concomitant localization of lamin BI-TRF2 PLA
interaction at the nuclear rim (Supplementary Figure S8).
Furthermore, we found a new interaction between endoge-
nous RAP1 and lamin B1 proteins by in situ PLA staining
(Figure 5A). We showed that this interaction was also signif-
icantly increased by 5.1-fold upon lamin B1-overexpression
(Figure 5C) and preferentially enriched at the nuclear pe-
riphery (Figure 5D).

We further confirmed the TRF2-lamin Bl interac-
tion by using co-immunoprecipitation experiments. In-
deed, immunoprecipitation of endogenous TRF2 protein
from lysates of lamin Bl-overexpressing cells, revealed co-
precipitation of lamin B1 (Figure 4E). In endogenous con-
ditions, a weak signal for endogenous lamin Bl was de-
tected in pull-down experiment with an antibody specific to
TRF2, indicating that both TRF2 and lamin B1 could also
interact endogenously, confirming their endogenous associ-
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ation observed in PLA experiments. Of note, since lamin Bl
and TRF2 have been reported to have the ability to directly
bind DNA (4,73), we pre-treated cell lysates with a nuclease
prior to co-immunoprecipitation experiments to rule out
the possibility that the two proteins co-precipitate through
DNA-bridging. These experiments indicate that lamin Bl
and TRF2 can be found in a common protein complex inde-
pendently of DNA at a weak level in endogenous conditions
and much more robustly upon lamin B1 overexpression. In
addition, we confirmed the interaction of RAP1 with lamin
B1 by co-immunoprecipitation from cellular lysates pre-
treated with benzonase, indicating that this interaction may
occur independently from DNA (Figure 5B). Interestingly,
the interaction between TRF2 and lamin B1 is affected by
RAPI1 depletion, and reciprocally, TRF2 inhibition leads to
a decrease in lamin B1-RAPI1 interaction (Figure 5E and
F). These data showed that both RAP1 and TRF2 may play
arole in the stabilization of the interaction of lamin B1 with
their shelterin partner, and that lamin Bl may form a com-
mon complex with both RAP1 and TRF2.

Taken together our data unveil a new interaction between
endogenous lamin Bl and TRF2 proteins, and we further
showed that this interaction is significantly enhanced and
preferentially enriched at the nuclear periphery upon lamin
B1 overexpression. We also found a new interaction be-
tween endogenous lamin B1 and RAPI, that is also signifi-
cantly enhanced especially at the nuclear periphery with in-
creased lamin B1 level, suggesting that lamin B1 overexpres-
sion leads to a deprotection of telomeres by trapping TRF2
and RAP1 outside from telomeres.

The N-terminal-coill region of lamin B1 and the linker region
of TRF2 are involved in their associations

We next characterized the interaction between shelterin
TRF2 and lamin B1 by using different constructions of
these proteins (Figure 6A). A longer isoform of TRF2 pro-
tein has been recently characterized, with an additional N-
terminal extension of 42 aminoacids upstream of the pre-
viously identified start codon (74), that shares similar role
as the first isoform reported of TRF2 in telomere protec-
tion and t-loop formation. By co-immunoprecipitation with
protein extracts from cells transfected with an expression
vector of the GFP-tagged longer TRF2 isoform, we showed
that endogenous lamin B1 co-immunoprecipitates also with
this longer isoform (Figure 6B). We further confirmed the
interaction of endogenous lamin B1 with the TRF2 longer
isoform by PLA assay (Figure 6C). Very recently, the linker
region of TRF2 (also referred as the Hinge domain (8), lo-
cated between the TRFH and Myb domains, has been re-
ported to interact with lamins, including lamin B1, by co-
immunoprecipitation from enriched nuclear lamina extracts
(75). In accordance with this paper, by PLA assay, we found
that the linker region interacts with the endogenous lamin
B1 protein in situ in cells transfected with a vector express-
ing the TRF2 linker fragment (Figure 6D). To further char-
acterize which domain(s) of lamin B1 could be involved in
its interaction with the shelterin TRF2, we expressed vec-
tors coding for different domains of lamin B1 and analyzed
their interaction with TRF2 by PLA (Figure 6A). Interest-
ingly, we found a high interaction with TRF2 in cells trans-
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Figure 4. Lamin BI interacts with TRF2 and its overexpression enhances their association preferentially at the nuclear periphery (A) SV40-fibroblasts
transfected either with siRNA targeting lamin B1 (siLMNBI1) or control siRNA (siCTRL) for 48 h were processed for lamin B1-TRF2 PLA using specific
antibodies against these proteins. Lef?, representative confocal images of PLA experiments showing in sifu interaction between TRF2 and lamin B1 visu-
alized as red fluorescent dots in nucleus delimited by DAPI counterstaining (blue). Middle, quantification of PLA dots per nucleus (medians are shown
in red; n = 3 independent experiments; >249 nuclei analyzed per siCTRL or siLMNBI condition; *** ¢-test P value < 0.0001). PLA was also performed
using one of the primary antibody against TRF2 or lamin B1 protein alone as a negative control (TRF2 Ab or Lamin B1 Ab). Right, Western-blot analysis
of lamin B1 protein levels from cells described in (A), 48 h after transfection, showing partial inhibition of lamin B1. Hybridizations were performed with
a specific antibody against lamin Bl (upper panel) and B-actin (lower panel) antibody, used as loading control. Quantification from three independent
experiments is shown (* z-test P value < 0.01). (B) Representative PLA images showing in situ interaction between Lamin Bl and the telomeric protein
TRF2 in normal human adult and embryonic primary fibroblasts (GM08399 and WI-38, respectively). Cells were subjected to proximity ligation assay
(PLA) using antibodies against lamin Bl and TRF2. Similar results were obtained in two independent experiments. (C) TRF2-Lamin BI interaction as a
function of lamin B1 intensity monitored by PLA coupled with lamin Bl immunofluorescent staining. Level of lamin B1 overexpression was categorized
in three classes as a fold increase compared to endogenous level: 1- to 2-fold, 2- to 5-fold or 5- to 10-fold (respectively Intensity categories: 1-2x, 2-5x,
5-10x). Quantification of TRF2-lamin B1 dots per nuclei show a significant increase even at low doses of lamin B1 overexpression (2-5-fold) compared
to control cells (medians are shown in red, *** ¢-test P value <0.0001; » = 3 independent experiments); PLA negative controls with only one of the anti-
bodies against TRF2 or lamin Bl are shown (TRF2 Ab or LB1 Ab). (D) Quantification of the percentage of TRF2-lamin B1 PLA signals per nuclei that
were localized in the area of the nuclear envelope in Z-stacks from 3D confocal images obtained from PLA experiments on lamin Bl-overexpressing cells
(LMNBI1+) compared to control cells as described in (C). Histogram shows the mean + SD from three independent experiments (z > 65 nuclei analyzed
per condition, #-test P value < 0.0001). On the left side (i), nucleus from LMNBI-transfected cell with TRF2-lamin B1 PLA signals (in red) and DAPI
staining (in blue) and an enlargement (ii) of an area of the nucleus showing PLA dots (in red) localized at the nuclear periphery. (E) Immunoprecipitation
of endogenous TRF2 revealed pull-down of lamin B1 in endogenous conditions (CTRL) and upon lamin B1 overexpression (LMNBI1). SV40-fibrobasts
were transfected with lamin B1 expression vector (LMNBI1) or control vector (CTRL) and after 48 h, lysates, pretreated with benzonase nuclease, were
immunoprecipitated with anti-TRF2 antibody or anti-IgG antibody as control and analyzed by western-blot with antibodies specific to TRF2 and lamin
B1. Similar results were obtained in three independent experiments.
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Figure 5. Lamin B1 interacts endogenously with RAP1 and its overexpression enhances their association preferentially at the nuclear periphery (A) SV40-
fibroblasts were subjected to proximity ligation assay (PLA) using antibodies against lamin B1 and RAP1. Right, representative confocal images showing
in situ interaction between lamin B1 and RAPI visualized as red fluorescent dots in nucleus delimited by DAPI counterstaining (blue). Left, quantification
of RAP1-Lamin Bl PLA dots per nucleus (medians in red; n = 3 independent experiments; >129 nuclei per condition; *** ¢-test P value < 0.0001). PLA
was also performed using one of the primary antibody against RAP1 or lamin Bl protein alone as a negative control (RAP1 Ab or Lamin Bl Ab). (B)
Co-immunoprecipitation (co-IP) of lamin Bl and RAP1. SV40-fibroblasts were co-transfected with FLAG-Lamin Bl and HA-RAP1 expressing vectors
and co-IP was carried out using anti-flag antibody on cellular lysates—pretreated with benzonase—and analyzed by Western blot using specific antibodies
against lamin B1 or RAP1 protein. Similar results were found in two independent experiments. (C) Quantification of RAP1-Lamin Bl PLA dots in SV40-
fibroblasts transfected either with lamin Bl-expressing vector (LMNBI) or control vector (CTRL) and subjected to PLA as described in (A), 48 h after
transfection. Data combined from 2 independent experiments are shown (means in red; >92 nuclei per condition; P value < 0.0001) (D) Quantification
of the percentage of RAP1-lamin Bl PLA signals per nuclei that were localized in the area of the nuclear envelope in Z-stacks from 3D confocal images
obtained from PLA experiments on lamin Bl-overexpressing cells (LMNBI1+) compared to control cells (mean £ SEM from » > 50 nuclei analyzed
per condition is shown; z-test P value < 0.0001). Similar results were obtained in three other independent experiments. On the left side (i), nucleus from
LMNBI-transfected cell with RAP1-lamin BI PLA signals (in red) and DAPI staining (in blue) and an enlargement (ii) of an area of the nucleus showing
PLA dots (in red) localized at the nuclear periphery. (E, F) Impact of RAP1 depletion on TRF2-lamin B1 interaction and reciprocally, impact of TRF2
depletion on RAP1-lamin Bl interaction. SV40-fibroblasts transfected either with siRNA targeting RAP1 (siRAP1), TRF2 (siTRF2) or control siRNA
(siCTRL) for 48 h were processed for lamin BI-TRF2 PLA (E) or lamin BI-RAP1 PLA (F) with specific antibodies (Ab) or one antibody alone as control.
Quantification of PLA dots per nucleus (medians are in red; n > 100 nuclei per conditions per experiment; *** ¢-test P value < 0.0001,n =4 andn =6
independent experiments for panels (E) and (F), respectively). Negative PLA controls performed with one of the primary antibody against RAP1, TRF2
or lamin B1 protein alone (RAP1 Ab, TRF2 Ab or Lamin B1 Ab) are shown.
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fected with the N-terminal part (1-424 aa) and more pre-
cisely the head-coill (1-243 aa) of lamin B1, as shown by
the increase in PLA dots compared to control cells, while
the coil2 (244-424 aa) and C-terminal domain (398-586 aa)
of lamin B1 exhibited significantly a lower number of PLA
dots (Figure 6E). These data indicate that the head-coi 1 re-
gion of lamin B1 and the linker region of TRF2 are likely
to be the domains responsible for the interaction between
lamin B1 and TRF2.

Elevation of TRF2 level rescues telomere fusions induced by
lamin B1 overexpression

Given that lamin B1 overexpression leads to an increased
interaction with TRF2 at the nuclear periphery, in associa-
tion with an apparent delocalization of this shelterin protein
from telomeres and, at later time, an induction of telom-
eric aberrations, these results suggest that the capping func-
tion of TRF2 is impaired. We therefore hypothesize that
lamin B1 in excess may sequester TRF2 preferentially at
the nuclear periphery, thereby impairing its telomere cap-
ping function and subsequently leading to telomere insta-
bility. In order to identify whether telomeric instability is
linked to an impairment of TRF2 function by lamin B1, we
increased TRF2 protein levels in cells overexpressing lamin
B1 and analyzed if the telomeric phenotype could be res-
cued. Thus, we performed complementation experiments
by means of transitory transfections with an expression
plasmid of TRF2 in immortalized fibroblasts overexpress-
ing or not lamin B1. Expression levels of TRF2 and lamin
B1 were checked by western-blots and comparable levels
of lamin B1 proteins were detected in single-transfection
with lamin B1 and double-transfection with both lamin B1
and TRF2 vectors (Figure 7A). In addition, by immunos-
taining, we observed that the percentage of cells overex-
pressing lamin Bl or TRF2 between single and double-
transfection were similar, and that, in double-transfection
conditions, almost all transfected cells were overexpress-
ing both lamin Bl and TRF2 (Figure 7B), thereby allow-
ing comparisons hereafter. We next analyzed the impact
of TRF2 upregulation on lamin Bl-induced chromoso-
mal end-to-end fusions on metaphase spreads. Importantly,
the mitotic index was similar between all conditions (Fig-
ure 7C), ruling out that cells with damages couldn’t reach
metaphase step in co-transfection condition. We found that
the level of chromosome- and chromatid-type fusions in
metaphases from cells overexpressing both lamin B1 and
TRF2 (Figure 7D) was reduced to that observed in con-
trol cells (9.9% =+ 1.6 and 8.8% = 1.7, respectively, with a
t-test p value non-significant between the two conditions)
while the level of telomeric aberrations was significantly
increased in cells overexpressing lamin Bl alone (24.0%
+ 2.6, P < 0.0001). Furthermore, we found that lamin
Bl-induced TIFs were significantly reduced by increasing
the level of TRF2 (Figure 7E). These data indicate that
increased level of TRF2 could rescue lamin Bl-induced
telomere instability, suggesting that additional TRF2 can
titrate excessive lamin BI interaction and allow TRF2 to
protect again telomeres, and thereby to prevent telomeric
fusions.
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DISCUSSION

In this study, we investigate the link existing between the
lamin B1 and telomeres and especially the consequences
of lamin B1 increase on telomere stability. We showed that
lamin B1 overexpression leads to telomere instability (i.e.
TIFs induction, telomeric fusions and losses) and give some
insights into the mechanism by which increased lamin Bl
level affects telomeres (Figure 8). We unveil new interac-
tions between lamin Bl and both TRF2 and RAPI1, local-
ized throughout the nucleoplasm in endogenous conditions.
These interactions are dramatically enhanced at the nuclear
periphery upon lamin Bl overexpression. We showed that
the association between lamin B1 and TRF2 implicates the
head-coil 1 domain of lamin Bl and the flexible hinge re-
gion (or linker) of TRF2, a region implicated in protein-
protein interactions, including binding with RAP1 (4,8,76)
and that both shelterin proteins are required to form sta-
ble complexes with lamin Bl. It has been reported that
the linker of TRF2 presents structural similarities with rod
domains of intermediate filaments (77) and is involved in
DNA-specific oligomerization of TRF2 (78). Likewise, the
head-coill domain of lamin B1, contains coiled-coil mo-
tifs also involved in lamin oligomerization. Thus, these data
are in agreement with a potential physical association be-
tween the TRF2 linker region and the head-coil 1 region
of lamin BI1. In addition, we show that both shelterin pro-
teins, TRF2 and RAPI, are required to form stable com-
plexes with lamin B1.

It was previously proposed that sequestration of protein
at the nuclear envelope could inhibit their function (79).
Upon lamin B1 overexpression, we found that interactions
between lamin B1 and both TRF2 and RAP1 were strongly
increased and relocalized preferentially at the nuclear enve-
lope, while another main telomeric protein TRF1 was not
affected. TRF2 binds preferentially to the telomeric DNA
at the junction between double-strand telomeric DNA and
single-strand 3’overhang (5), whereas TRF1 has been re-
ported to bind all along the telomere tracts (80) and to have
a higher binding affinity for telomeric DNA compared to
TRF2 (81). Thus, the mislocalizations of TRF2 and RAP1
in cells overexpressing lamin B1, suggest that lamin B1 may
alter the capping function of telomere by the sequestration
of shelterin factors at the nuclear lamina, thereby leading to
telomeric instability.

Dissociation of TRF2 from telomeres has been previ-
ously observed in different situations. Among them, expres-
sion of the dominant negative form of TRF2 (TRF24BAM)
leads to a diffuse nuclear staining pattern of TRF2. This
mutant form lacking both the basic and the Myb DNA-
binding domain can no longer bind telomeric DNA but
can still make homodimer with endogenous TRF2. As sta-
ble binding of TRF2 homodimers on telomeric DNA re-
quires two Myb domains, TRF24BAM interferes with the
accumulation of endogenous TRF2 protein at telomeres in
a dominant-negative fashion (13). Consequently, telomeres
are deprotected, recognized as DNA-damage (presence of
TIFs) and are subjected to end-to-end chromosomal fu-
sions (10,82). Depending on the cellular context, telomere
dysfunction triggered by TRF22B2M Jeads to reduced cell
proliferation, senescence and cell death in p53-proficient
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cells or genomic instability in p53-deficient cells (11,82). We
and others previously showed that lamin B1 overexpression
can lead to senescence in primary fibroblasts (42,52,62). We
reported here that lamin Bl overexpression also induces
telomeric instability (TIFs, end-to-end chromosomal fu-
sions), phenotype reminiscent to that caused by TRF2 dys-
function. We showed that elevation of TRF2 protein level
in cells overexpressing lamin B rescues the telomeric phe-
notype. Thus, the ectopic expression of TRF2 could com-
pensate its delocalization from telomere by restoring a pro-
tective cap to telomeres thereby preventing end-to-end fu-
sions of chromosomes. These results sustain our presump-
tion that lamin B1 overexpression could impair TRF2 cap-
ping function by sequestration of this protein.

Links between telomere and lamins were previously re-
ported, mainly for lamin A/C (83,84). Indeed, telomere at-
trition were observed in cells from HGPS patients due to
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a mutation in lamin A gene that leads to an accumula-
tion of progerin a mutant form of lamin A (68-70). This
was also observed in progerin-expressing human fibrob-
lasts (85). Furthermore, lamin A-deficient mouse cells ex-
hibit also telomere shortening and alteration of telomere
localizations (86). Although, involvement of lamin A/C
deficiency in telomere dysfunction has been documented
(83,84), the role of lamin B1 in telomere stability has been
poorly explored. A previous study reported that prolifera-
tive defects from lamin Bl-overexpressing cells are rescued
by the telomerase catalytic subunit h"TERT, suggesting that
telomeric dysfunction could be involved in this phenotype
(62). Thus, it was also critical to evaluate the impact of
lamin B1 on telomere integrity. Beside sharing some sim-
ilar functions regarding nuclear shape integrity and scaf-
folding protein function, lamin Bl and lamin A/C are not
interchangeable lamins and have also distinct functions.
Indeed, they form interconnected but separated networks
(34,87,88), interact differentially with chromatin (89), and
associate with common and distinct protein partners (90).
Importantly, we noticed that lamin B1 dysregulation, over-
expression did not impact the protein level of other lamins
(A/C-type or B2 lamin) in western blot experiments. This
data indicates that lamin Bl-related impact on telomeres
is not attributable to deficiency in other lamins, suggest-
ing that telomere damages observed in our experiments
are specifically induced by lamin B1 dysregulation. In our
study, the delocalizations of TRF2 and RAP1 upon lamin
B1 overexpression were not associated with a degradation
of their protein levels. Unlike lamin B1, TRF2 degradation
has been reported in fibroblasts from atypical Werner syn-
drome’s patients carrying lamin A mutations (R133L and
L140R) (91). In addition, Benson ez al. reported that ex-
pression of progerin, the mutated form of lamin A deleted of
50 amino-acids involved in HGPS, induces TIFs as well as
telomere aberrations, but did not cause a decreased associa-
tion of TRF2 with telomeres (85), suggesting that progerin-
induced TIFs do not result from dramatic loss of TRF2
binding to telomeres. These observations indicate that simi-
larly, as for progerin, lamin B1 overexpression leads to TIFs
and telomere instability, but, unlike progerin, TRF2 is delo-
calized from telomeres. Although alterations in any lamina
component appears to impact telomere stability, the mech-
anisms of telomere dysfunction induced by progerin and
lamin A mutations may differ from that caused by lamin
B1 overexpression. Wood et al. reported that progerin does
not interact with TRF2 protein in co-immunoprecipitation
experiments, while a small fraction of the total TRF2 and
wild-type lamin A/C can interact together (92). The differ-
ent impact on TRF2 protein localization between progerin
and lamin B1 may be in part explained by the lack of in-
teraction between progerin and TRF2. Furthermore, lamin
A/C and B1 were reported to have different in vitro bind-
ing properties with telomeres: lamin A /C binding to telom-
ere sequences is quite more efficient than that of lamin
B1 (31,73). Altogether, these observations indicate that al-
though both lamin A/C and lamin Bl were found to play
a role in telomere stability, they may have a differential role
at telomere.

Almost 30 years ago, human telomeres were reported to
be attached to the nuclear matrix (93). Later, it was reported
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that telomeres are enriched at the nuclear periphery dur-
ing post-mitotic nuclear assembly (29), as well as a subset
of telomeres during replication (30). In addition, in cellu-
lar extracts from enriched post-mitotic EGFP-TRF1 trans-
fected cells, an interaction between the telomeric protein
TRF1 and lamin B1 was reported, but not in endogenous
conditions (29). Moreover, an interaction between lamin
A/C and TRF2 was found (92) although no direct inter-
action was established between lamins and telomeres. Re-
cently contact of telomeres with nuclear envelope was also
detected in G1/S arrested HelLa cells using MadID, an op-
timized approach for mapping protein-DNA interactions,
suggesting that contact of telomere with the nuclear rim
can as well occur outside of mitosis (94). Wood et al. pro-
pose a functional role of the TRF2-lamin A/C interaction.
Indeed, they showed that TRF2 can form t-loops with in-
terstitial telomeric sequences (ITL) which are stabilized by
interaction with lamin A/C (92). They further suggest that
these ITL structures are novel chromosome-end structures.
Whether lamin B1 is also involved in the stabilization of the
ITL, as previously proposed for lamin A (92), requires fu-
ture investigations.

Beside its anchoring to the inner nuclear envelope (32), a
pool of lamin Bl is also present in the nucleus and is form-
ing stable structures (34,43,46). Considering these observa-
tions, lamin B1 may serve as an anchoring matrix for telom-
eric chromatin through its interaction with shelterin pro-
tein. Indeed, interacting dots between endogenous lamin
B1 and TRF2 or RAP1 were found localized throughout
the nucleus, and may correspond to sites of stable intranu-
clear structures of lamin B1, as previously described. Fur-
thermore, colocalization of nuclear lamin B1 with sites of
DNA replication and with PCNA have been reported (95).
It was also reported that decrease in lamin B1 leads to de-
fects in DNA replication (96), suggesting a role for lamin
Bl in DNA replication. These studies prompt us to pro-
pose a second hypothesis, not exclusive, on the role of lamin
B1 in telomere stability. Indeed, lamin B1 may be involved
in telomere replication and/or in the regulation of TRF2.
The binding of TRF2 to telomeres was previously reported
to have a negative impact on the progression of replicative
forks at the telomeric repeats tracts (97), suggesting that
TRF2 has to be removed from telomere to enable its repli-
cation. Thus, lamin B1 could serve as a reservoir of TRF2
during replication that transiently delocalized TRF2 from
telomere to enable t-loop resolution and further telomere
replication. Recently, a phospho-site of TRF2 (S365), lo-
cated in the linker domain, has been involved in the regula-
tion of TRF2's interaction with helicase RTELI in S-phase
to facilitate telomere replication. Indeed, dephosphoryla-
tion of TRF2 at S365 enables access of RTELI to telomere
to unwind t-loop and facilitates telomere replication, while
re-phosphorylation of TRF2 at S365 is required to prevent
access of RTELI to telomeres thereby protecting telomeres
from unwinding (98). Thus, the interaction between lamin
B1 with TRF2 could also participate to the regulation of
this phospho-switch.

Upon lamin B1 overexpression, we observed a significant
increase in telomeric fusions and telomere losses. Telomere
dysfunction that results in end-to-end chromosomal fusions
can initiate breakage-fusion-bridge (B/F/B) cycles and has

usually dramatic impacts on genome stability leading to ge-
nomic rearrangements and changes in ploidy, thus affect-
ing cancer development and progression (60,61). In accor-
dance, lamin B1 overexpression has been reported in many
cancer cell types and has been correlated with aggressive-
ness in different tumors (55,99), but how lamin B1 may par-
ticipate to tumorigenesis is still unclear. Our data could give
some insights about the impact of lamin B1 dysregulation
on the genome of tumor cells. Indeed, considering our find-
ings on the role of lamin B1 at telomere, we suggest that
overexpression of lamin B1 may increase telomere dysfunc-
tion of cancer cells and thereby amplify chromosome insta-
bility in course of tumorigenesis.

In summary, our study has uncovered that lamin B1 over-
expression leads to the sequestration of shelterin TRF2 and
RAPI proteins, mostly at the nuclear periphery, impeding
their protective function at telomere and, thereby, result-
ing in telomere instability (Figure 8). Our data highlight the
importance of lamin B1 regulation to maintain functional
telomeres, and thereby genome integrity.
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