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ABSTRACT

Telomeres, the ends of linear chromosomes, are
composed of repetitive DNA sequences, histones
and a protein complex called shelterin. How DNA is
packaged at telomeres is an outstanding question
in the field with significant implications for human
health and disease. Here, we studied the architec-
ture of telomeres and their spatial association with
other chromatin domains in different cell types us-
ing correlative light and electron microscopy. To this
end, the shelterin protein TRF1 or TRF2 was fused
in tandem to eGFP and the peroxidase APEX2, which
provided a selective and electron-dense label to inter-
rogate telomere organization by transmission elec-
tron microscopy, electron tomography and scanning
electron microscopy. Together, our work reveals, for
the first time, ultrastructural insight into telomere ar-
chitecture. We show that telomeres are composed of
a dense and highly compacted mesh of chromatin
fibres. In addition, we identify marked differences in
telomere size, shape and chromatin compaction be-
tween cancer and non-cancer cells and show that
telomeres are in direct contact with other heterochro-
matin regions. Our work resolves the internal archi-
tecture of telomeres with unprecedented resolution
and advances our understanding of how telomeres
are organized in situ.

GRAPHICAL ABSTRACT

INTRODUCTION

Telomeres are large nucleoprotein complexes at the ends of
linear chromosomes. Telomeres shorten with every cell di-
vision, which provides a means to regulate how many times
a cell can divide. In somatic cells, telomere length mainte-
nance is limited, while in stem cells and in ∼90% of hu-
man cancer cells telomere length and replicative potential
are extended by the expression of the telomerase enzyme
(1,2). Interestingly, 10% of human cancers do not express
telomerase and instead use a mechanism called alternative
lengthening of telomeres (ALT), which is mediated by ho-
mologous recombination (3,4). Telomeric chromatin differs
from bulk chromatin in both sequence and protein compo-
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sition. In mammalian cells, telomeric DNA contains thou-
sands of double-stranded ‘TTAGGG’ repeats in tandem
(5,6) followed by a short single-stranded G-overhang (7).
Telomeric repeat-binding factors (TRF1 and TRF2) bind as
homodimers to the double-stranded telomeric region (8,9),
whereas POT1 binds to the G-overhang (10). Rap1, TPP1
and Tin2 interact with these DNA-binding factors and to-
gether form a six-protein complex called shelterin (11,12).
Shelterin proteins have been shown to be critical in protect-
ing telomeric DNA from being recognized as DNA breaks
(13,14). For example, silencing of TRF2 expression leads
to chromosome fusion and genome instability (15,16). In
addition to shelterin, telomeres also contain nucleosomes
(17,18) and RNA (TERRA) (19,20).

Structures of individual shelterin protein domains, such
as the DNA-binding and dimerization domains of TRF1
and TRF2 (21,22), and a nucleosome core particle reconsti-
tuted with telomeric DNA (23) have been determined by X-
ray crystallography and NMR (24,25). However, the struc-
ture of the entire shelterin complex as well as the architec-
ture of higher order telomeric chromatin assemblies is un-
known. Early electron microscopy (EM) studies of isolated
telomeric DNA showed that up to 40% exhibited a lariat
configuration (26,27). Based on this, a t-loop model was
proposed whereby the DNA end would be protected by inte-
gration of the G-overhang into the double-stranded telom-
eric region (26). Although it is unclear how such a t-loop
forms, both this early and a subsequent super-resolution
light microscopy study (28) showed that TRF2 plays an im-
portant role in generating or stabilizing the structure. In
addition, this and other super-resolution studies (28–30)
demonstrated that telomeres within cells appear as compact
globular foci with a diameter of ∼200 nm. However, due to
the limited resolution of optical microscopy, chromatin fi-
bres within the telomeres could not be resolved.

Here, we applied a correlative light and electron mi-
croscopy (CLEM) approach to study the structure of telom-
eres inside the nucleus at higher resolution. Telomeres were
visualized by the expression of TRF1 or TRF2 fused in tan-
dem to eGFP and the genetically encoded EM tag APEX2
(31,32). This allowed us to localize telomeres by confo-
cal fluorescence microscopy and subsequently interrogate
their ultrastructure and sub-nuclear organization by trans-
mission electron microscopy (TEM), electron tomography
and focused ion beam scanning electron microscopy (FIB-
SEM). Using this approach, we resolve telomere ultrastruc-
ture in nuclei and demonstrate that telomeres in situ pos-
sess a fibrous and mesh-like ultrastructure. We further show
that telomerase-positive and ALT cells exhibit marked dif-
ferences in telomere size, shape and compaction state, and
that telomeres are in direct contact with other heterochro-
matin domains.

MATERIALS AND METHODS

Cloning

APEX2 (31) (Addgene, Watertown, MA, USA, Cat#49385)
was cloned into the Clontech eGFP-C1 vector (Clon-
tech Laboratories/TaKaRa Bio, Mountain View, CA,
USA; Cat#6084-1 of Addgene, Watertown, MA, USA) C-
terminal of eGFP with a linker length of 5 aa (amino acids)

between eGFP and APEX2. TRF1, TRF2 (short), TRF2
(long) (kindly provided by Daniela Rhodes; GeneBank
NCBI reference sequences NM 017489.2, NM 005652.3
and NM 005652.4, respectively) or H2B (kindly provided
by Gabriela Davey; NM 021058.3) was inserted C-terminal
of APEX2 with linker lengths of 7 aa for TRF1, 10 aa for
TRF2 short/long and 12 aa for H2B. Unless otherwise in-
dicated, eGFP–APEX2–TRF2 long was used.

Cell culture

Immortalized mouse embryonic fibroblasts (MEFs) (kindly
provided by Ben Nichols), U2OS cells (kindly provided
by Siu Kwan Sze) and HT1080 cells (kindly provided by
Zbynek Bozdech) were cultured in Dulbecco’s modified Ea-
gle medium (Gibco/Thermo Fisher Scientific, Waltham,
MA, USA, Cat#10569010) supplemented with 10% foetal
bovine serum (FBS) (Capricorn Scientific, Ebsdorfergrund,
Germany, Cat#FBS-11A) and penicillin/streptomycin (PS)
(Gibco/Thermo Fisher Scientific, Waltham, MA, USA,
Cat#15140122). All cell types were cultured at 37◦C and
5% CO2 in humidified conditions. Coverslips or MatTek
dishes (MatTek, Ashland, MA, USA, Cat#P35G-1.5-14-
C) were coated with fibronectin (Sigma-Aldrich/Merck,
Darmstadt, Germany, Cat#F1141) before use and cells
were allowed to settle down at least overnight.

Cell transfection

Cells were transfected at a density of 20–60%. MEFs and
HT1080 cells were cultivated in medium without PS for
minimum 1 h prior to transfection. MEFs were transfected
using a 3:1 ratio of polyethylenimine (Polysciences, War-
rington, PA, USA, Cat#23966; stock: 1 mg/ml) to DNA.
For a 35-mm dish, 1.25 �g of DNA was used for transfec-
tion with eGFP–APEX2–TRF1, 1 �g with eGFP–APEX2–
TRF2 and 2 �g with eGFP–APEX2–H2B, and the cells
were fixed after 16 h (H2B and TRF1 after hypotonic treat-
ment, TRF2 under isotonic conditions) or 48 h (TRF1 un-
der isotonic conditions, TRF2 under isotonic conditions,
TRF2 after hypotonic treatment). HT1080 cells were trans-
fected using calcium phosphate (2 �g of DNA, fixed af-
ter 16 h). U2OS cells were transferred to pure medium
prior to transfection with a 1:1.6 ratio of Lipofectamine
2000 (Invitrogen/Thermo Fisher Scientific, Waltham, MA,
USA, Cat#11668019) to DNA (1.25 �g of DNA). After 4 h,
the cells were washed with phosphate-buffered saline (PBS),
transferred to medium with FBS and cultured for another
16 h prior to fixation.

Sample preparation for CLEM

Sample preparation for CLEM was performed based on
(31,32). Cells were grown in 35-mm MatTek dishes and
transfected as described earlier. Cells under isotonic con-
ditions were fixed with 2% glutaraldehyde (Electron Mi-
croscopy Sciences, Hatfield, PA, USA, Cat#16220) in 0.1
M sodium cacodylate (Electron Microscopy Sciences, Hat-
field, PA, USA, Cat#12310) buffer (CB), pH 7.4, with 2
mM CaCl2 for 5 min at room temperature followed by
1 h on ice. For hypotonic treatment, cells were incubated
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in 0.3× PBS for 1 min and fixed with 2% glutaraldehyde
in 0.3× PBS. All subsequent steps were performed on ice.
The samples were washed 3 × 3 min with CB, blocked
6 × 5 min with 50 mM glycine in CB, rinsed 5 × 2 min
in CB and subsequently mounted on a CorrSight confo-
cal spinning disc microscope (FEI/Thermo Fisher Scien-
tific, Waltham, MA, USA) equipped with a cooling stage
(FEI/Thermo Fisher Scientific, Waltham, MA, USA and
Julabo, Seelbach, Germany) and Orca R2 CCD cameras
(Hamamatsu, Sunayama-cho, Naka-ku, Hamamatsu City,
Japan). Confocal image stacks with 300 nm z-distance were
acquired of the eGFP signals with a 40× oil objective (EC
Plan-Neofluar 40×/1.30 Oil M27; Carl Zeiss, Oberkochen,
Germany, Cat#420460-9900-000), 488 nm laser line and
standard filter sets. Subsequently, diaminobenzidine (DAB)
reaction/APEX2 labelling was carried out for 1.5–3 min
using 2.5 mM (0.54 mg/ml) DAB [Sigma-Aldrich/Merck,
Darmstadt, Germany, Cat#D8001; freshly prepared 10×
stock: 25 mM DAB in 0.1 M HCl (5.4 mg/ml)] with
0.03% (v/v) H2O2 (ICM Pharma, Singapore) in CB filtered
through a 0.2-�m filter. After washing 5 × 2 min in CB, the
cells of interest were imaged with transmission light. The
samples were treated with 1% osmium tetroxide (Electron
Microscopy Sciences, Hatfield, PA, USA, Cat#19152) in
CB with 2 mM CaCl2 for 45 min, rinsed 5 × 2 min in Milli-Q
water, stained with 1% aqueous uranyl acetate (UA) (Elec-
tron Microscopy Sciences, Hatfield, PA, USA, Cat#22400;
stock: 4% in water) for 1 h, washed again 5 × 2 min in
Milli-Q water and dehydrated in an ascending ethanol se-
ries. The samples were transferred to room temperature,
rinsed 2× in anhydrous 100% ethanol (Electron Microscopy
Sciences, Hatfield, PA, USA, Cat#15055) and infiltrated
with Durcupan ACM resin (Sigma-Aldrich/Merck, Darm-
stadt, Germany, Cat#44611/44612/44613/44614) in a step-
wise procedure. After resin polymerization at 60◦C for 48 h,
the areas of interest were sawed out using a jeweller’s saw,
mounted on dummy blocks using super glue and cut into
ultrathin sections of 70–80 nm for conventional TEM imag-
ing or 120–160 nm for electron tomography on an ultrami-
crotome using a diamond knife. The sections were picked
up on 100 mesh copper grids or, for serial sections, on 2
mm × 0.5 mm slot copper grids coated with formvar (Elec-
tron Microscopy Sciences, Hatfield, PA, USA, Cat#1500).
The samples were coated with 2–4 nm carbon from each
side and, for electron tomography, glow discharged and
dipped into gold fiducials [1:1 to 1.5:1 mixture of 0.1%
bovine serum albumin and 10 nm gold colloids (BBI So-
lutions, Crumlin, UK, Cat#EM.GC10) filtered through a
0.2-�m filter].

Transmission electron microscopy

TEM imaging was carried out on a Tecnai T12
(FEI/Thermo Fisher Scientific, Waltham, MA, USA)
operated at 120 kV using a 4k × 4k Eagle CCD camera
(FEI/Thermo Fisher Scientific, Waltham, MA, USA).
Prior to recording micrographs, sections were irradiated at
low magnification (690×) for 10–20 min to prevent beam-
induced shrinkage during imaging. High-magnification
micrographs of telomeres were recorded at a nominal
magnification of 23 000× or 30 000× (pixel size: 0.48 and

0.36 nm, respectively) and an applied defocus of −2 to −5
�m.

Electron tomography

Electron tomograms were acquired on a Tecnai Arctica
(FEI/Thermo Fisher Scientific, Waltham, MA, USA) op-
erated at room temperature at 200 kV using a Falcon3
direct electron detector (FEI/Thermo Fisher Scientific,
Waltham, MA, USA). Dual-axis tilt series with manual ro-
tation by 90◦ were recorded using Tomography software
(FEI/Thermo Fisher Scientific, Waltham, MA, USA) ap-
plying a linear tilt scheme starting at 0◦ and tilt angles typ-
ically spanning ±65◦. Images were acquired at every de-
gree at a nominal magnification of 39 000× (pixel size:
0.2712/0.2787 nm), an applied defocus of −2 �m and an
exposure time set to yield a dosage of 10–15 e–/Å2 per
micrograph. For MEFs transfected with eGFP–APEX2–
TRF2, tomograms of 49 telomeres from 17 different cells
were acquired under isotonic conditions and of 15 telom-
eres from 4 different cells after hypotonic treatment. For
MEFs transfected with eGFP–APEX2–TRF1, tomograms
of 10 telomeres from 4 different cells were collected un-
der isotonic conditions and of 8 telomeres from 2 different
cells after hypotonic treatment. For MEFs transfected with
eGFP–APEX2–H2B, tomograms of 9 telomeres from 4 dif-
ferent cells were acquired, and for U2OS cells transfected
with eGPF–APEX2–TRF1 tomograms of 8 telomeres from
3 different cells were acquired. Tilt series were reconstructed
by filtered backprojection into combined 3D tomograms
using the Etomo IMOD software package (33,34) (version
4.9.0) and binned by a factor of 2 during the process. Fur-
ther processing was performed in Fiji/ImageJ (35,36): the
tomograms were filtered to 2 nm with a 3D Gaussian and
again binned by a factor of 2 in all three directions (final
pixel size: 1.0848/1.1148 nm). Subsequently, groups of five
consecutive tomographic slices were averaged to a thickness
of 5.4/5.6 nm.

Surface rendering

Surface renderings were generated in Amira (Thermo
Fisher Scientific, Waltham, MA, USA; version 6.5.0). In
the filtered tomograms, an ‘interactive threshold’ corre-
sponding to the intensity of the APEX2/osmium signals
was selected. Contiguous regions in 3D were identified us-
ing the ‘labelling’ function and the density corresponding
to the telomere was extracted using ‘arithmetic’ operation,
thereby removing all signals not connected in 3D. Subse-
quently, the surface of the volume was generated with a min-
imal smoothing of 1.5. Thin slices were generated using the
‘region of interest’ or ‘ROI’ function.

Evaluation of telomere size and chromatin measurements

Unless otherwise mentioned, measurements were per-
formed in Fiji/ImageJ (35,36). Telomere size was evaluated
from TEM images of 70 nm sections and electron tomo-
grams selecting the average slice with the largest dimen-
sions of the telomere. Telomere diameters were calculated
as an average of the longest and shortest axes of each telom-
ere. Surface rendering was used to facilitate measurements
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of telomere diameters in U2OS cells. The area covered by
chromatin was evaluated from averaged tomographic slices
with a thickness of 5.4/5.6 nm after thresholding. Regions
corresponding to telomeres, euchromatin and heterochro-
matin were selected as shown in Figure 3D and Supplemen-
tary Figure S8C. Measurements of all chromatin in the en-
tire slice, excluding cytoplasmic regions, were used to ensure
similar thresholds. Chromatin fibre measurements were car-
ried out on averaged tomographic slices with a thickness of
5.4/5.6 nm in triplets within short distances of ∼10–30 nm
and subsequently averaged. APEX2 samples provided suf-
ficient contrast for measurements of unfiltered data. Non-
telomeric fibres stained with UA only were measured after
filtering to 2 nm. Line scans were performed with a line
width of 1 pixel across a distance of 522 nm.

Focused ion beam scanning electron microscopy

Until complete resin polymerization, samples for FIB-SEM
were prepared as described earlier for CLEM. The area of
interest was sawed out using a jeweller’s saw, mounted on
a standard SEM stub using silver paste and coated with 5
nm platinum. The sample was transferred to a Scios Dual
Beam FIB-SEM (FEI/Thermo Fisher Scientific, Waltham,
MA, USA) operated at room temperature. Images were ac-
quired in the xz direction of the cell with a pixel size of 27
nm, a slice thickness of 40 nm, a field of view of 1536 × 1024
pixels and 30 �s acquisition time. Image registration for the
correction of ‘northern drift’ of the obtained stack was per-
formed in Fiji/ImageJ (35,36) using the MultiStackReg plu-
gin (B. Busse; http://bradbusse.net/sciencedownloads.html)
(version 1.45). The original image stack was cropped in
the x dimension to a central area where the platinum layer
was intact throughout the entire stack. The obtained frag-
ment was thresholded (platinum layer to be white) and any
remaining background noise was removed. The slice with
the northernmost drift, i.e. with the platinum layer at the
highest position, was selected and MultiStackReg was run
to align the images using translation. The saved transforma-
tion file was then applied to the original image stack by run-
ning MultiStackReg again loading the transformation file,
followed by final alignment through another round of Mul-
tiStackReg. Subsequently, the obtained image stack was fil-
tered to 2.2 nm in xy (i.e. xz direction of the cell) and signal
intensities were inverted.

Image processing and image correlation

Unless otherwise mentioned, images were processed in
Fiji/ImageJ (35,36). For creating overlay images of the
eGFP signals with TEM micrographs, low-magnification
TEM images (890–1900×, covering the entire nucleus) were
compared with the confocal image stacks, the correspond-
ing optical slice identified based on cellular features and the
APEX2 signal pattern, and the TEM and fluorescent im-
ages superimposed using Adobe Photoshop CS6 (Adobe
Systems, San Jose, CA, USA; version 13.0.1). Typically,
minor distortion and warping of the fluorescence image
was necessary for proper superimposition. Overlay images
of the eGFP signals with SEM images were created in a sim-
ilar way, with the exception that the viewing angle of the

confocal image stack was matched to the resliced FIB-SEM
data set in Fiji/ImageJ using the Volume Viewer plugin
(K.U. Barthel; Medieninformatik, HTW Berlin, Germany)
(version 2.01). Figures were prepared using Adobe Photo-
shop CS6 (Adobe Systems, San Jose, CA, USA; version
13.0.1). Violin plots were generated in R (R Core Team; The
R Project for Statistical Computing; R Foundation for Sta-
tistical Computing, Vienna, Austria; http://www.r-project.
org/) (version 4.1.2) with the package ggplot2 (37) (version
3.3.5) part of tidyverse (38). All other graphs were generated
in Excel (Microsoft, Redmond, WA, USA). Data visualiza-
tion using bee swarm blots was aided by Daniel’s XL Tool-
box add-in for Excel (D. Kraus; www.xltoolbox.net) (ver-
sion 7.2.).

RESULTS

Telomeres can be visualized selectively by CLEM of telom-
eric repeat-binding factors tagged with eGFP–APEX2

To study the ultrastructure of telomeres, we selected repre-
sentative telomerase-positive and telomerase-negative cell
lines with long or short telomeres. Immortalized MEFs
and human fibrosarcoma-derived HT1080 cells are telom-
erase positive (39,40), while human bone osteosarcoma cells
(U2OS) are telomerase negative and belong to the group of
ALT cells (41). Southern blotting confirmed that telomeres
were long in MEFs and U2OS cells (19 and 25 kb, respec-
tively) and short in HT1080 cells (∼5 kb in length) (Supple-
mentary Figure S1A and B). In addition, western blotting
confirmed that the telomerase enzyme was not expressed in
the U2OS cell line (Supplementary Figure S1C).

To visualize telomeres by CLEM, we generated tandem
eGFP–APEX2 constructs for the telomeric repeat-binding
factors TRF1 and TRF2 (Supplementary Figure S1D). In
these constructs, the eGFP tag provides fluorescence for
light microscopy (LM) analysis, while the APEX2 tag gen-
erates an electron-dense stain for EM (Figure 1). Transient
transfection of the TRF1 or TRF2 eGFP–APEX2 probes
generated small and discrete foci in the nucleus character-
istic of telomeres in all cell types analysed. We found less
telomeric foci in interphase cells than estimated from chro-
mosome spreads (Supplementary Figure S1F and G). This
is consistent with previous reports (42–46) and likely due
to a combination of (i) the low resolution of fluorescence
microscopy, in particular along the optical axis (i.e. telom-
eres in close axial proximity may not be resolved), (ii) the
low fluorescence intensity of short telomeres that cannot
be distinguished from background and (iii) potential telom-
ere clustering, especially in U2OS cells with ALT (44). Co-
labelling with antibodies against endogenous TRF2 and
quantitative line scan analyses of individual telomeres con-
firmed the correct targeting of the eGFP–APEX2-tagged
TRF proteins to telomeres in both HT1080 and U2OS cells
(Supplementary Figure S2). Telomeric levels of endogenous
TRF2 were only marginally reduced upon transfection of
the TRF1 eGFP–APEX2 probe, and there were no intensely
stained foci in transfected nuclei that contained only one of
the two TRF proteins. This indicates that both the TRF1
and TRF2 eGFP–APEX2 probes were efficiently incorpo-
rated into telomeres and that their overexpression did not

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/50/9/5047/6576360 by U

m
ea universitet user on 16 January 2023

http://bradbusse.net/sciencedownloads.html
http://www.r-project.org/
http://www.xltoolbox.net


Nucleic Acids Research, 2022, Vol. 50, No. 9 5051

Figure 1. CLEM of telomeres. (A) Maximum intensity projection of GFP signals of MEFs transfected with eGFP–APEX2–TRF2. An untransfected cell
(*) and transfected cell C (**) are magnified in the insets. Cell B is further magnified in the following panels. (B) Transmission light image of the same field
of view shown in panel (A) after staining and embedding for EM. (C) Overlay images of single light optical confocal sections (GFP signals, green) and the
corresponding TEM images from the physical EM section (APEX2/osmium signals, grey) for MEFs transfected with eGFP–APEX2–TRF2 (MEF–TRF2,
top) or eGFP–APEX2–TRF1 (MEF–TRF1, middle) or U2OS cells transfected with eGFP–APEX2–TRF1 (U2OS–TRF1, bottom). (D, E) Corresponding
TEM (D) and confocal (E) images only of MEF–TRF2 shown in panel (C). (F) Magnifications of the boxed areas in panel (C). (G) TEM images of the
boxed areas in panel (F). Nuc = nucleolus. NE = nuclear envelope; position indicated by the small arrows.
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interfere with the targeting of endogenous TRF2 to telom-
eres. Moreover, overexpression of tagged TRF1 or TRF2
did not cause any detectable increase in DNA damage com-
pared to untransfected cells (Supplementary Figure S3),
with >84% of transfected cells containing only two telomere
dysfunction-induced foci or less. This indicates that over-
expression of TRF1 or TRF2 did not elicit a DNA dam-
age response at telomeres, as previously reported in cells
in which TRF1 or TRF2 was downregulated (47–49). Fi-
nally, immunoprecipitations showed that eGFP–APEX2-
tagged TRF2 forms a protein complex with Rap1, as ex-
pected (Supplementary Figure S1E). Taken together, these
results demonstrate that the eGFP–APEX2–TRF probes
are functional and correctly localized at telomeres.

For CLEM, cells transfected with the TRF1 or TRF2
probes were chemically fixed and imaged on a spinning disc
confocal microscope at lateral and axial resolutions of ∼200
and ∼600 nm, respectively. Figure 1A shows a representa-
tive image of three MEF cells (labelled A–C) transfected
with eGFP–APEX2–TRF2 next to an untransfected cell
(labelled *). Clear eGFP foci corresponding to individual
telomeres can be readily detected in the transfected but not
in untransfected cells. We collected confocal z-stacks of nu-
clei where telomeres were clearly distinguishable and dis-
regarded cells in which the expression level was too low
(eGFP signals <2.5× above autofluorescent background
signals) or too high (>10× above background levels). By co-
labelling with anti-TRF2 antibodies, we estimated that the
amount of TRF2 at telomeres in the selected cells was on
average 4-fold higher than that in untransfected cells (Sup-
plementary Figure S2C). After fluorescence imaging, cells
were bathed in DAB and H2O2 for 1–3 min to carry out the
APEX2 reaction and subsequently prepared for EM analy-
sis in a similar way to what is generally referred to as positive
stain and conventional EM (see the ‘Materials and Meth-
ods’ section). In brief, cells were post-fixed with osmium
tetroxide, weakly en bloc stained with UA to introduce over-
all contrast to all nucleic acids and proteins, dehydrated and
embedded in plastic resin. We note that in contrast to a
conventionally prepared EM sample, in an APEX2 stained
sample the DAB and osmium reaction creates specific con-
trast around the probe, allowing the protein of interest to
be localized with high spatial precision. Figure 1B shows
that the APEX2 reaction resulted in a dense stain at telom-
eres that was clearly visible by transmission light imaging.
Areas of interest were then sectioned and imaged by TEM.
Superimposition of eGFP fluorescence signals and the cor-
responding EM micrographs from eGFP–APEX2-labelled
TRF2 in MEFs, TRF1 in MEFs and TRF1 in U2OS cells
demonstrate that telomeres labelled by the APEX2 probes
are more electron dense than other chromatin regions in the
nucleus (Figure 1C–G). Figure 1G shows EM micrographs
of selected areas with individual telomeres at slightly higher
magnification. Non-telomeric chromatin, nucleoli and the
nuclear envelope (NE) can also be recognized in these im-
ages due to the weak staining with UA. Importantly, each
telomere observed in the EM images correlated precisely in
space with the eGFP fluorescence signals of the correspond-
ing optical confocal section. Given that an EM section is
much thinner (70 nm) than an optical slice (600 nm), only a
fraction of telomeres can be correlated in any given EM sec-

tion. For example, in the first overlay image shown in Fig-
ure 1F only 6 out of 11 telomeres present in the optical slice
(green eGFP dots, compare with Figure 1E) are contained
within the EM section (dark EM dots, compare with Figure
1D). In summary, tagging of TRF1 or TRF2 with eGFP–
APEX2 enabled us to establish a correlative imaging work-
flow to sequentially image telomeres by LM and EM inside
the nucleus.

EM analysis reveals marked differences in telomere com-
paction, size and shape between telomerase-positive and ALT
cells

Next, we made use of the high resolution of TEM to carry
out a detailed analysis of the ultrastructure of telomeres.
2D EM images recorded from 70 nm thin sections (Figure
2 and Supplementary Figure S4) revealed darkly APEX2-
stained telomeres that clearly stood out from surround-
ing nuclear regions. Osmium-stained cellular structures that
did not correlate with eGFP fluorescence, such as peroxi-
somes (which inherently generate reactive oxygen species)
and occasionally observed high-contrast nuclear bodies of
unknown origin (Figure 6), were disregarded.

In telomerase-positive MEFs (Figure 2A and B) and
HT1080 cells (Figure 2D), telomeres labelled with the TRF1
or TRF2 eGFP–APEX2 probes were round or ovoid in
shape. In contrast, in U2OS ALT cells (Figure 2C) telom-
eres were largely heterogeneous in shape and interspersed
with non-telomeric chromatin and generally appeared less
compact compared to other cell types analysed. Only cer-
tain areas of the telomeres in U2OS cells (arrowheads in
Figure 2C) seemed comparable to telomeres in MEFs and
HT1080 cells with regards to electron density and homo-
geneity of the stain. Interestingly, in MEFs telomeres la-
belled with the TRF1 probe often exhibited patterns of low
and high EM contrast (Figure 2B), while telomeres labelled
with the TRF2 probe appeared to be stained more homoge-
nously (Figure 2A). In addition, at similar transfection lev-
els TRF1-labelled telomeres appeared slightly less electron
dense than those labelled by TRF2.

We measured the average size of telomeres in the three
cell types (Figure 2G). Telomeres in MEFs were ∼200 nm in
diameter, which was confirmed by serial section TEM (Sup-
plementary Figure S5). Consistent with our Southern blot
analysis (Supplementary Figure S1A and B), telomeres in
HT1080 cells were significantly smaller (∼160 nm), whereas
telomeres in U2OS cells were much larger (∼350 nm) and
generally much more heterogeneous in size than telomeres
in MEFs or HT1080 cells. This likely reflects the broad
range of telomere lengths found in U2OS cells and may also
be due to telomere clustering as previously demonstrated
to occur more frequently in this cell type (44). We conclude
that telomerase-positive and ALT cells exhibit marked dif-
ferences in telomere size, shape and compaction state. In
addition, we did not find any difference in telomere size
between MEFs in G1 phase and G2 phase of the cell cy-
cle (Supplementary Figure S7A and C; see Supplementary
Methods).

Since telomeres appeared as dense structures in both
MEFs and HT1080 cells, we explored the option of gain-
ing more detailed insights into their ultrastructure by imag-
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Figure 2. Telomerase-positive and ALT cells exhibit marked differences in telomere size and shape. (A–D) TEM micrographs of cells fixed under isotonic
conditions after transfection with eGFP–APEX2–TRF2 (–TRF2) (A) or eGFP–APEX2–TRF1 (–TRF1) (B–D) acquired from 70 nm thin sections. (A, B)
MEFs. (C) U2OS cells. (D) HT1080 cells. The first and last images of panels (A) and (B) show the telomeres in the adjacent images at lower magnification
(low mag). Arrowheads point at areas of telomeres of U2OS cells with comparable labelling density and compaction to telomeres of MEFs and HT1080
cells. Nuc = nucleolus. NE = nuclear envelope; position indicated by the small arrows. (E, F) Equivalent to panels (A)–(D), cells fixed after hypotonic
treatment. (E) MEF–TRF2. (F) MEF–TRF1. (G) Evaluation of telomere size. Individual values = grey dots. Mean values = black squares. Error bars:
standard deviation. Asterisks denote statistical significance based on two-sided t-tests: ***P < 0.001 and **P < 0.01. Mean values (Ø) and number of cells
analysed (n) for each condition are specified at the top or bottom of the graph.
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Figure 3. Electron tomography resolves the ultrastructure of telomeres in situ. (A–D) Averaged tomographic slices with a thickness of 5.4/5.6 nm of cells
fixed under isotonic conditions after transfection with eGFP–APEX2–TRF1 (–TRF1) (A, C), eGFP–APEX2–TRF2 (–TRF2) (B) or eGFP–APEX2–
H2B (–H2B) (D). (A, B, D) MEFs. (C) U2OS cells. Nuc = nucleolus. HC = heterochromatin. Arrowheads point at areas of telomeres of U2OS cells
with comparable labelling density and compaction to telomeres of MEFs. Horizontal arrows indicate the position of the line scans shown below the
images. The red line denotes the approximate half intensity between the background outside the telomere and the darkest areas. The dotted vertical lines
indicate the borders of the telomeres. For H2B (D), typical examples for heterochromatin (top) and euchromatin (bottom) are shown. (E) Evaluation of the
area covered by chromatin in MEFs. HC = heterochromatin. EC = euchromatin. Telom. = Telomeres. Error bars: standard deviation. Asterisks denote
statistical significance based on two-sided t-tests: ***P < 0.001. Numbers of tomograms/slices analysed are 4/18 for H2B, 5/22 for TRF1 and 6/25 for
TRF2. (F, G) Equivalent to panels (A)–(D), cells fixed after hypotonic treatment. (F) MEF–TRF1. (G) MEF–TRF2.
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ing telomeres after decompaction. To this end, we exposed
MEFs expressing the TRF1 or TRF2 probes to a brief hy-
potonic treatment. Live cells were incubated for 1 min in a
low-salt buffer [0.3× PBS and 45 mM salt (hypotonic), in-
stead of 150 mM 1× PBS (isotonic)], fixed and prepared
for EM. This procedure has previously been established
to decompact chromatin inside the nucleus (50,51). DNA-
specific staining using osmium ammine B (Supplementary
Figure S6) confirmed that MEFs under isotonic conditions
contained clearly distinguishable chromocentres, regions of
densely packed heterochromatin that are typical for mouse
cells (52) (labelled with ‘CC’), peripheral heterochromatin
(‘HC’) and large interchromatin lacunas (‘IC’), and that hy-
potonic treatment disrupted heterochromatin regions. As
expected, hypotonic treatment increased the size of telom-
eres labelled with TRF1 or TRF2 probes to ∼230 and ∼260
nm, respectively (Figure 2G). Telomeres decompacted by
the hypotonic treatment displayed a more open ultrastruc-
ture as compared to telomeres at isotonic conditions (Fig-
ure 2E and F). This was evident for telomeres labelled by
both the TRF1 and TRF2 probes. Furthermore, after hy-
potonic treatment telomeres labelled with the two probes
were more similar in overall appearance than observed at
isotonic conditions. This shows that cations are required to
stabilize the higher order structure of telomeric chromatin
and that a brief hypotonic treatment provides a means to
‘open up’ telomeric chromatin inside the nucleus.

Electron tomographic analysis of the 3D structure of telom-
eres in MEF and U2OS nuclei

To study the ultrastructure of telomeres in 3D, we applied
electron tomography. Dual-axis tomograms of ∼150 nm
thick cell sections were recorded, reconstructed into a 3D
volume and low-pass filtered to 2 nm (see the ‘Materials
and Methods’ section). Figure 3 shows tomographic slices
through the centre of representative telomeres in MEFs and
U2OS cells analysed under isotonic or hypotonic condi-
tions (see Supplementary Figure S7 for more examples of
tomographic slices and Supplementary Movies S1–S5 for
3D tomograms). In agreement with our 2D analysis (Fig-
ure 2), under isotonic conditions telomeres appeared round
in MEFs (Figure 3A and B) but heterogeneous in shape
in U2OS cells (Figure 3C). Interestingly, line scans across
the centre of the telomeres revealed alternating patterns of
high and low electron densities, both in MEFs and in U2OS
cells (Figure 3A–C, bottom panels). APEX2-stained fibrous
densities were clearly evident in telomeres labelled with the
TRF1 probe (Figure 3A and C) and were occasionally also
apparent in telomeres labelled with the TRF2 probe (Fig-
ure 3B). We did not observe any difference in telomere ul-
trastructure between cells in G1 phase and G2 phase of
the cell cycle (Supplementary Figure S7A and C; see Sup-
plementary Methods) or between conventionally prepared
samples and samples processed by high-pressure freezing
and freeze substitution (Supplementary Figure S7B). Im-
portantly, and again in line with our 2D analysis, in cells ex-
posed to hypotonic treatment (Figure 3F and G) telomeres
appeared decompacted and telomeric chromatin fibres be-
came more evident, in particular in telomeres labelled with
the TRF2 probe (Figure 3G). As a comparison to telomeric

chromatin, we labelled non-telomeric chromatin in MEFs
using the core histone H2B tagged with eGFP–APEX2. We
found that non-telomeric chromatin also displayed a fibrous
pattern (Figure 3D, Supplementary Figure S8, and Supple-
mentary Movies S6 and S7). This shows that APEX2 can be
applied to gain insight into the ultrastructure of bulk chro-
matin as well as specific chromatin domains such as telom-
eres.

Next, we analysed the organization and shape of the
telomeric chromatin fibres in 3D. Figure 4 shows represen-
tative tomograms and surface rendered fibres in MEFs la-
belled by the TRF1 probe, under isotonic and hypotonic
conditions. Thin tomographic sub-volumes (5.4 nm thick
slices) through telomeres under isotonic conditions revealed
an irregular 3D mesh of chromatin fibres, in which indi-
vidual fibres were clearly resolved but densely packed (Fig-
ure 4A and B). As expected, under hypotonic conditions,
the mesh of fibres opened up markedly (Figure 4C and D).
Telomeric chromatin fibres appeared bent or looped and
were often tightly opposed (centre of fibres indicated by blue
lines in Figure 4B and D). In addition, they displayed a
range of diameters; fibre diameters as small as 5 nm and
as large as 35 nm were measured in each condition and cell
type (Figure 4E–G). For comparison, the nucleosome core
particle is disc shaped and has a dimension of 6 nm × 10
nm. Therefore, we interpret fibre widths in the range of 5–
10 nm as ‘beads on a string’ and thicker fibres as higher
order levels of chromatin compaction. It is possible, how-
ever, that some of the thicker fibres rather represent two or
more individual but tightly opposed fibres, which cannot be
resolved. In MEFs, the average diameter of telomeric chro-
matin fibres labelled with the TRF2 or TRF1 probes was 15
and 17 nm, respectively. As expected, the diameters of in-
dividual telomeric chromatin fibres were reduced under hy-
potonic conditions (14 nm for fibres labelled with the TRF2
probe, 13 nm for TRF1). Smaller average diameters (11 nm)
were measured in U2OS cells labelled with the TRF1 probe.
In MEFs, bulk chromatin fibres labelled with the eGFP–
APEX2–H2B probe were on average 14 nm broad, in both
euchromatin and heterochromatin regions (representative
tomographic slices are shown in Figure 3D). By compari-
son, UA-stained fibres surrounding telomeres (within a to-
mographic field of view of ∼500 × 500 nm) measured 12
nm in diameter. This suggests that the APEX2-generated
DAB/osmium stain contributes only minimally (∼2–3 nm)
to the measured fibre width. Importantly, although the fi-
bre width was only slightly broader in telomeric (15–17
nm) compared to non-telomeric chromatin (14 nm), telom-
eres under isotonic conditions appeared more compacted
than other heterochromatin regions. Indeed, measurements
on thresholded tomographic slices revealed that telomeric
chromatin occupied ∼60–68% of the area, whereas non-
telomeric chromatin labelled with the eGFP–APEX2–H2B
probe occupied only 26% (euchromatin regions) to 43%
(heterochromatin regions) of the nuclear space (Figure 3E).

In conclusion, telomeric chromatin fibres display a broad
range of diameters and morphologies; the fibres appear
bent or looped and are closely packaged into a dense and
irregular mesh-like chromatin domain. Moreover, telomere
shape, fibre diameter and telomere compaction differ be-
tween MEFs and U2OS ALT cancer cells.
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Figure 4. Telomeres are composed of a heterogeneous mesh of chromatin fibres. (A–E) Tomographic reconstructions of MEFs transfected with eGFP–
APEX2–TRF1 fixed under isotonic conditions (A, B) or after hypotonic treatment (C–E). (A, C) From left to right: 0 degree projection image, higher
magnification thereof, averaged tomographic slices of the same telomere with a thickness of 5.4 nm before (unfiltered) and after filtering to 2 nm. (B, D)
Surface rendering of the same telomeres and slices shown in panels (A) and (C). Left: Full volume. Right: Slice with a thickness of 5.4 nm. Blue lines
indicate the mesh of chromatin fibres. (E) Volume surface rendering of telomeric chromatin structures. Selected fibre diameters measured along the dashed
lines are specified in nm. (F) Evaluation of chromatin fibre diameters of MEFs and U2OS cells transfected with eGFP–APEX2–TRF2 (TRF2), eGFP–
APEX2–TRF1 (TRF1), eGFP–APEX2–H2B (H2B) or without APEX label from areas surrounding telomeres that are lightly UA stained only (UA only).
Iso. = isotonic conditions. Hypo. = hypotonic treatment. Asterisks denote statistical significance based on two-sided t-tests: ***P < 0.001, **P < 0.01
and *P < 0.05. Median values (Ø) and number of cells analysed (n) for each condition are specified at the top of the graph. (G) Volume surface rendering
of chromatin fibres of cells fixed under isotonic conditions. Labels equivalent to panel (F).
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Association of telomeres with other heterochromatin domains

In both our 2D TEM and electron tomography data
of MEFs, we regularly observed a close association of
telomeres with non-telomeric heterochromatin regions, the
NE and nucleoli (Figures 1–3). This was not surprising and
has been described before using light microscopy (see the
‘Discussion’ section). We confirmed these observations in
the cell types used here by performing 3D confocal mi-
croscopy, distance measurements and chromatin density
analysis (Supplementary Figure S9). We further applied
electron tomography to analyse the spatial association of
telomeres with other heterochromatin regions in more de-
tail. Data from a representative cell section are shown in
Figure 5, where three telomeres (T1–T3) are located near
the NE and one telomere is found close to the nucleo-
lus (T4). Inspection of the tomographic slices showed that
telomeres T1, T2 and T3 are not in direct contact with the
NE (Figure 5C and D, and Supplementary Movie S8). In-
stead, they appeared to be attached to NE-associated het-
erochromatin (lamina-associated domains), separating the
telomere from the NE by a thin layer of non-telomeric chro-
matin. Interestingly, for each telomere multiple contacts be-
tween non-telomeric and telomeric chromatin fibres were
clearly discernible (indicated by arrowheads in Figure 5C
and D). Similar fibrous connections were observed between
telomeres and perinucleolar heterochromatin and other het-
erochromatin regions (Figure 5E). We conclude that telom-
eres are in direct physical contact with non-telomeric hete-
rochromatin domains.

Electron tomography provides high resolution but is lim-
ited to relatively thin cell sections and small sample areas.
The technique is therefore not suited to image many telom-
eres simultaneously. To overcome this limitation and to bet-
ter understand the localization of telomeres in the 3D space
of the entire nucleus, we imaged APEX2-labelled telomeres
of MEFs in whole cells using FIB-SEM. As shown in Figure
6, telomeres labelled with the APEX2–TRF2 probe exhib-
ited strong EM contrast in SEM and appeared selectively
enhanced compared to non-telomeric heterochromatin and
nucleoli. Similar to our TEM images, we observed a few
darkly stained nuclear structures similar to telomeres in size
and appearance, which we here refer to as nuclear bodies.
These structures of unknown origin could easily be dis-
criminated from telomeres by correlating the eGFP fluo-
rescence and the APEX2 stain (Figure 6A), demonstrating
the importance of the CLEM approach. FIB-SEM analy-
sis confirmed that a large proportion of telomeres is located
close to the NE and nucleoli (Figure 6B and Supplementary
Movie S9). Furthermore, it supports our observation from
the tomographic images (Figure 5) that telomeres in close
proximity to the NE (indicated by the small arrows) are
typically separated from it by a thin layer of non-telomeric
chromatin (Figure 6C). This thin layer usually exhibited
slightly higher electron density in the SEM images than ad-
jacent regions more internal in the nucleus, which indicates
that it represents heterochromatin. Interestingly, telomeres
frequently occurred in doublets (Figure 6C, telomeres 1, 5,
9, 13, 15, 17 and 18), as is often observed for sister loci in G2
cells, such as the one analysed here (data not shown) (53).
Telomere size within some of these pairs was heterogeneous,

with one telomere of the pair occasionally being smaller
than the other (Figure 6C, telomeres 1, 9 and 17). This is
in line with previous observations showing that telomeres
from sister chromatids can vary in length (54–56). Overall,
this demonstrates that APEX2 labelling can also be used for
SEM volume imaging. Together, electron tomography and
FIB-SEM in MEFs indicate that telomeres that are located
at the very periphery of the nucleus are not in direct contact
with the NE but instead are linked to lamina-associated het-
erochromatin.

DISCUSSION

Detailed insight into the nuclear organization of telomeric
chromatin is required to understand how shelterin proteins
protect chromosome ends from being recognized as DNA
breaks (end-protection problem) (13,14). It is also essen-
tial for understanding cellular aging and telomere mainte-
nance in cancer cells that escape senescence and replicate
indefinitely (circumventing the end-replication problem)
(1). Confocal microscopy and super-resolution microscopy
have provided high-throughput information about the nu-
clear localization and diameter of telomeres (28–30,57).
However, the resolution of current optical microscopy tech-
niques is insufficient to resolve chromatin fibres within
the telomere. EM offers much greater resolution, yet im-
munogold labelling to analyse telomeres in the nucleus can
be compromised by poor ultrastructural preservation (58)
or insufficient labelling density (59), both of which are
common limitations of antibody-based approaches. New
techniques for EM labelling have recently been developed,
which permit the direct visualization of proteins with ge-
netically encoded tags, similar to GFP fusion proteins for
light microscopy (60). The most common labels are min-
iSOG (61) and APEX (32), and a modified and more sensi-
tive version of the latter, APEX2 (31).

Fusing TRF1 or TRF2 to both eGFP and APEX2 al-
lowed us to visualize the same cells and telomeres by flu-
orescence microscopy and EM, and thereby combine the
strengths of the different microscopic techniques. Using this
approach, we resolved ultrastructural features of telomeres
in mammalian cells at a resolution of ∼5 nm, which is ∼4–
5× higher in each dimension than the resolution obtained
by super-resolution microscopy. We found that telomeres in
MEFs and HT1080 cells were round or ovoid in shape, with
an average diameter of 200 and 160 nm, respectively. This
agrees with our telomere length measurements by South-
ern blotting and previously reported super-resolution stud-
ies of telomere size distributions in situ (28–30). In contrast,
telomeres in U2OS ALT cancer cells were much larger (350
nm on average) and much more heterogeneous in shape.
We note that ALT cells display a broad range of telom-
ere lengths (4) and that exceptionally short telomeres may
have escaped our analysis due to insufficient labelling by our
APEX2 probes.

Previous studies have shown that telomeric chromatin
has an unusually short nucleosome repeat length (157 bp)
(17,18,62) and is characterized by both heterochromatic
and euchromatic markers (63,64). Here, we selectively la-
belled and compared telomeric and non-telomeric chro-
matin, providing direct visual evidence that telomeres in

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/50/9/5047/6576360 by U

m
ea universitet user on 16 January 2023



5058 Nucleic Acids Research, 2022, Vol. 50, No. 9

Figure 5. Telomeres are in direct physical contact with heterochromatin domains. (A) CLEM of MEFs transfected with eGFP–APEX2–TRF2. Left:
Overlay image of an optical confocal section (GFP signals, green) and the corresponding TEM image from the physical EM section (APEX2/osmium
signals, grey). Right: Corresponding TEM image showing the APEX2/osmium signal only. (B) Magnification of the boxed area in panel (A). NE = nuclear
envelope; position indicated by the small arrows. Nuc = nucleolus. (C) Averaged tomographic slices with a thickness of 5.4 nm of the labelled telomeres
T1–T3 in panel (B) and one additional example from another cell. Arrowheads point at chromatin contacts between the telomere and non-telomeric
heterochromatin. (D) Equivalent to panel (C) showing additional averaged tomographic slices of telomere T1. The position of the NE is only indicated
in the first image. (E) Equivalent to panel (C) showing the labelled telomere T4 in panel (B) and additional examples from other cells associated with the
nucleolus (Nuc) or other heterochromatin regions (HC).

MEFs represent highly compacted chromatin. In fact, we
found that telomeres are more compact than other non-
telomeric heterochromatin regions (Figure 3E). Telomeres
of HT1080 cells appeared equally compact to those in
MEFs. Compared to telomerase-positive MEFs (39) and
HT1080 cells (40), telomeres of U2OS ALT cells (41) were
clearly less compact. This is in line with the finding that
telomere structure in ALT cells is more open, as deter-
mined by micrococcal nuclease digestion assays (65). In ad-

dition, telomeres in ALT cells exhibit a longer nucleosome
repeat length as well as reduced levels of repressive epige-
netic marks compared to telomerase-positive cells (65). To-
gether, this indicates that different mechanisms for telomere
maintenance result in marked differences in telomere ultra-
structure.

How chromatin is packaged into specialized heterochro-
matin domains, such as telomeres, is an outstanding and
largely unresolved question. Early EM studies of isolated

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/50/9/5047/6576360 by U

m
ea universitet user on 16 January 2023



Nucleic Acids Research, 2022, Vol. 50, No. 9 5059

Figure 6. FIB-SEM reveals the organization of telomeres in the 3D volume of the nucleus. (A) Xy view. Left: Overlay image of the APEX2/osmium signals
(grey, average intensity projection of five SEM slices with a thickness of 135 nm) and the corresponding light optical confocal section (GFP signals, green).
Middle and right: Corresponding APEX2/osmium signals (middle) and GFP signals (right) only of the overlay image. Telomere 5 is the same as in panels
(B) and (C). The boxed areas are magnified below; for each of the three examples from left to right: overlay, APEX2/osmium signals alone, GFP signals
alone. NB = nuclear body. (B, C) Xz view. APEX2/osmium signals. The numbered telomeres in the selected slices in panel (B) are magnified in panel (C)
along with further examples; five consecutive micrographs are shown for each telomere. NE = nuclear envelope; position indicated by the small arrows.
PM = plasma membrane. NB = nuclear body. Nuc = nucleolus. CC = chromocentre.
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native chromatin showed that in salt-containing buffer,
linker histone (H1) compacts 10-nm nucleosomes (66)
into higher order 30-nm chromatin fibres (67). Cellu-
lar EM studies have also shown that 30-nm fibres exist
in the nucleus of chicken erythrocytes (68) and starfish
sperm (69)––two cell types in which the entire genome is
silenced––but not in mammalian cells grown in culture (70–
72). In contrast to previous studies, which analysed un-
defined chromatin regions, we specifically imaged telom-
eric and non-telomeric chromatin in intact mammalian nu-
clei. This allowed us to visualize chromatin fibres inside
telomeres that could previously not be resolved using super-
resolution microscopy (28–30,57). These fibres clearly con-
tained TRFs, as judged by the additional EM contrast in-
troduced by the APEX2 tag and subsequent osmium stain-
ing. The telomeric fibres appeared irregular in shape and
were packaged into a compact mesh. The irregular fibre
diameter and structure agree with a recent report show-
ing that the telomeric nucleosome core particle is less sta-
ble and more dynamic than nucleosome cores reconstituted
with other DNA sequences (23).

Segmentation and 3D surface rendering showed that
overall telomeric and non-telomeric chromatin fibres are
similar in terms of dimensions and appearance. In MEFs,
we measured average fibre diameters of 14–17 nm; indi-
vidual fibres inside and outside of telomeres could be as
thin as 5 nm and as thick as 35 nm. Our fibre measure-
ments are consistent with the dimensions of bulk chromatin
previously determined using the non-selective DNA stain
DRAQ5 (73). Both APEX2 and DRAQ5 produce an os-
miophilic and electron-dense stain via the local oxidation
of DAB, but in contrast to APEX2, DRAQ5 staining does
not permit the selective labelling of different chromatin do-
mains and therefore cannot differentiate between telomeric
and non-telomeric chromatin.

The average chromatin fibre diameters were similar in
TRF1- and TRF2-labelled telomeres, under both hypo- and
isotonic conditions. Under isotonic conditions, however,
TRF2-labelled telomeres appeared more electron dense and
more evenly stained than telomeres labelled by TRF1. This
observation was unexpected since TRF1 and TRF2 are sim-
ilar in sequence and structure, bind to telomeric DNA in
a similar manner (21,22) and are components of the same
shelterin complex (11,12). However, differences between the
two proteins do exist. For instance, TRF2 (but not TRF1)
interacts with the shelterin component Rap1 (74) and shel-
terin subcomplexes devoid of TRF1 have been suggested
(12). In addition, quantitative western blot analyses suggest
that the overall expression level and the chromatin-bound
fraction of TRF2 are significantly higher than those of
TRF1 (75). There is also evidence from FRAP (fluorescence
recovery after photobleaching) experiments that TRF1 and
TRF2 differ in the way they are recruited to or retained at
telomeres (76). We speculate that these differences in protein
abundance or recruitment to telomeric DNA might explain
the differences in the staining patterns we observed in our
images. An alternative explanation may be that overexpres-
sion of TRF2 induces compaction of telomeric chromatin,
as previously suggested by in vitro experiments (77,78). If
TRF2 did compact telomeric chromatin to a higher de-
gree than TRF1, one would expect telomeres with elevated

TRF2 levels to be smaller, which is not what we find. In
fact, telomeres labelled with the TRF2 probe showed a sim-
ilar size distribution to those labelled with the TRF1 probe
(Figure 2G). Nevertheless, we cannot rule out that overex-
pression might contribute in some way to the differential ap-
pearance of TRF1- and TRF2-labelled telomeres. Finally,
given the dense packing of telomeric chromatin fibres un-
der isotonic conditions, our data neither support nor ar-
gue against the proposed t-loop model, which states that the
single-stranded telomeric G-overhang loops back onto the
double-stranded region to form a lasso-like structure (26).
Advances in cryo-super-resolution CLEM may provide a
future avenue to resolve the internal architecture of telom-
eres with even greater resolution.

Our tomographic analysis further revealed that telom-
eres are connected to non-telomeric heterochromatin via
multiple fibrous densities. Such connections were observed
with nucleolar heterochromatin and chromocentres as well
as with NE-associated heterochromatin (lamina-associated
domains). This indicates that telomeres do not form spa-
tially isolated entities, but instead are in continuity with
the surrounding heterochromatin. The close spatial associ-
ation of telomeres with chromocentres (45,46,79–81), nu-
cleoli (42,45,82,83) and the NE (42,46,83–85) has been de-
scribed before, but had not been visualized with the reso-
lution offered by electron tomography and SEM. A func-
tional link between the NE, lamins [the main components
of a 10–30 nm thick layer beneath the NE called the nu-
clear lamina (86)] and telomeres is well established. How-
ever, how telomeres are anchored at the nuclear periphery
is still unclear. There is evidence for an association of telom-
eres with the nuclear matrix (58,87) as well as for inter-
actions between lamins and shelterin proteins (88,89). On
the other hand, it was shown that such interactions may
be restricted to a brief time window in late mitosis/early
G1 phase while being minimal or absent during the rest of
interphase (84). The EM analysis presented here indicates
that the majority of peripherally located telomeres are too
far away from the NE to make direct contact with the nu-
clear membrane. If telomeres are physically anchored to the
NE in interphase, this connection likely occurs through the
association with NE-associated heterochromatin (lamina-
associated domains) rather than direct interactions with the
nuclear lamina.

In conclusion, our approach of targeting APEX2 fusion
proteins to telomeres permitted us to locate and selectively
visualize telomeres by EM, to resolve the organization of
telomeric chromatin by tomography and to study the in-
teraction of telomeres with non-telomeric chromatin do-
mains inside the nucleus. This demonstrates that APEX2
labelling is a useful tool to interrogate the ultrastructure
and sub-nuclear organization of different chromatin do-
mains. Other specialized chromatin structures, such as the
Barr body or centromeres, may be interesting future targets
for this approach. Here, we focused our image analysis on
telomere ultrastructure in three cell types (MEFs, HT1080
and ALT U2OS cells) and analysed the spatial association
of telomeres with other heterochromatin regions and the
NE, which was primarily conducted in MEFs. In the future,
it will be interesting to explore how telomere localization
and heterochromatin association compare between human
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and mouse cells. Analysing telomere structure in other cell
types or cell states, such as in old and young primary cells,
senescent cells or DNA-damaged cells, will also be of inter-
est. Taken together, these experiments will provide a better
understanding of the link between telomere ultrastructure
and function.
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skapsrådet, Sweden [National Microscopy Infrastructure
(NMI) VR nr. 2019-00217; Molecular Infection Medicine in
Sweden (MIMS) VR nr. 2016-06598]. Funding for open ac-
cess charge: Ministry of Education, Singapore [MOE 2017-
T1-002-067].
Conflict of interest statement. None declared.

REFERENCES
1. Blackburn,E.H., Epel,E.S. and Lin,J. (2015) Human telomere

biology: a contributory and interactive factor in aging, disease risks,
and protection. Science, 350, 1193–1198.

2. Nandakumar,J. and Cech,T.R. (2013) Finding the end: recruitment of
telomerase to telomeres. Nat. Rev. Mol. Cell Biol., 14, 69–82.

3. Apte,M.S. and Cooper,J.P. (2017) Life and cancer without
telomerase: ALT and other strategies for making sure ends (don’t)
meet. Crit. Rev. Biochem. Mol. Biol., 52, 57–73.

4. Henson,J.D., Neumann,A.A., Yeager,T.R. and Reddel,R.R. (2002)
Alternative lengthening of telomeres in mammalian cells. Oncogene,
21, 598–610.

5. Blackburn,E.H. (1991) Structure and function of telomeres. Nature,
350, 569–573.

6. Gomes,N.M., Ryder,O.A., Houck,M.L., Charter,S.J., Walker,W.,
Forsyth,N.R., Austad,S.N., Venditti,C., Pagel,M., Shay,J.W. et al.
(2011) Comparative biology of mammalian telomeres: hypotheses on
ancestral states and the roles of telomeres in longevity determination.
Aging Cell, 10, 761–768.

7. Makarov,V.L., Hirose,Y. and Langmore,J.P. (1997) Long G tails at
both ends of human chromosomes suggest a C strand degradation
mechanism for telomere shortening. Cell, 88, 657–666.

8. Bianchi,A., Smith,S., Chong,L., Elias,P. and de Lange,T. (1997)
TRF1 is a dimer and bends telomeric DNA. EMBO J., 16,
1785–1794.

9. Broccoli,D., Smogorzewska,A., Chong,L. and de Lange,T. (1997)
Human telomeres contain two distinct Myb-related proteins, TRF1
and TRF2. Nat. Genet., 17, 231–235.

10. Baumann,P. and Cech,T.R. (2001) Pot1, the putative telomere
end-binding protein in fission yeast and humans. Science, 292,
1171–1175.

11. de Lange,T. (2005) Shelterin: the protein complex that shapes and
safeguards human telomeres. Genes Dev., 19, 2100–2110.

12. Lim,C.J. and Cech,T.R. (2021) Shaping human telomeres: from
shelterin and CST complexes to telomeric chromatin organization.
Nat. Rev. Mol. Cell Biol., 22, 283–298.

13. de Lange,T. (2018) Shelterin-mediated telomere protection. Annu.
Rev. Genet., 52, 223–247.

14. O’Sullivan,R.J. and Karlseder,J. (2010) Telomeres: protecting
chromosomes against genome instability. Nat. Rev. Mol. Cell Biol.,
11, 171–181.

15. Celli,G.B. and de Lange,T. (2005) DNA processing is not required for
ATM-mediated telomere damage response after TRF2 deletion. Nat.
Cell Biol., 7, 712–718.

16. van Steensel,B., Smogorzewska,A. and de Lange,T. (1998) TRF2
protects human telomeres from end-to-end fusions. Cell, 92, 401–413.

17. Makarov,V.L., Lejnine,S., Bedoyan,J. and Langmore,J.P. (1993)
Nucleosomal organization of telomere-specific chromatin in rat. Cell,
73, 775–787.

18. Tommerup,H., Dousmanis,A. and de Lange,T. (1994) Unusual
chromatin in human telomeres. Mol. Cell. Biol., 14, 5777–5785.

19. Azzalin,C.M., Reichenbach,P., Khoriauli,L., Giulotto,E. and
Lingner,J. (2007) Telomeric repeat containing RNA and RNA
surveillance factors at mammalian chromosome ends. Science, 318,
798–801.

20. Schoeftner,S. and Blasco,M.A. (2008) Developmentally regulated
transcription of mammalian telomeres by DNA-dependent RNA
polymerase II. Nat. Cell Biol., 10, 228–236.

21. Court,R., Chapman,L., Fairall,L. and Rhodes,D. (2005) How the
human telomeric proteins TRF1 and TRF2 recognize telomeric
DNA: a view from high-resolution crystal structures. EMBO Rep., 6,
39–45.

22. Fairall,L., Chapman,L., Moss,H., de Lange,T. and Rhodes,D. (2001)
Structure of the TRFH dimerization domain of the human telomeric
proteins TRF1 and TRF2. Mol. Cell, 8, 351–361.

23. Soman,A., Liew,C.W., Teo,H.L., Berezhnoy,N.V., Olieric,V.,
Korolev,N., Rhodes,D. and Nordenskiold,L. (2020) The human
telomeric nucleosome displays distinct structural and dynamic
properties. Nucleic Acids Res., 48, 5383–5396.

24. Chen,Y. (2019) The structural biology of the shelterin complex. Biol.
Chem., 400, 457–466.

25. Smith,E.M., Pendlebury,D.F. and Nandakumar,J. (2020) Structural
biology of telomeres and telomerase. Cell. Mol. Life Sci., 77, 61–79.

26. Griffith,J.D., Comeau,L., Rosenfield,S., Stansel,R.M., Bianchi,A.,
Moss,H. and de Lange,T. (1999) Mammalian telomeres end in a large
duplex loop. Cell, 97, 503–514.

27. Nikitina,T. and Woodcock,C.L. (2004) Closed chromatin loops at the
ends of chromosomes. J. Cell Biol., 166, 161–165.

28. Doksani,Y., Wu,J.Y., de Lange,T. and Zhuang,X. (2013)
Super-resolution fluorescence imaging of telomeres reveals
TRF2-dependent T-loop formation. Cell, 155, 345–356.

29. Timashev,L.A., Babcock,H., Zhuang,X. and de Lange,T. (2017) The
DDR at telomeres lacking intact shelterin does not require
substantial chromatin decompaction. Genes Dev., 31, 578–589.

30. Vancevska,A., Douglass,K.M., Pfeiffer,V., Manley,S. and Lingner,J.
(2017) The telomeric DNA damage response occurs in the absence of
chromatin decompaction. Genes Dev., 31, 567–577.

31. Lam,S.S., Martell,J.D., Kamer,K.J., Deerinck,T.J., Ellisman,M.H.,
Mootha,V.K. and Ting,A.Y. (2015) Directed evolution of APEX2 for
electron microscopy and proximity labeling. Nat. Methods, 12, 51–54.

32. Martell,J.D., Deerinck,T.J., Sancak,Y., Poulos,T.L., Mootha,V.K.,
Sosinsky,G.E., Ellisman,M.H. and Ting,A.Y. (2012) Engineered

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/50/9/5047/6576360 by U

m
ea universitet user on 16 January 2023

https://doi.org/10.21979/N9/LFBAF8
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkac309#supplementary-data


5062 Nucleic Acids Research, 2022, Vol. 50, No. 9

ascorbate peroxidase as a genetically encoded reporter for electron
microscopy. Nat. Biotechnol., 30, 1143–1148.

33. Kremer,J.R., Mastronarde,D.N. and McIntosh,J.R. (1996) Computer
visualization of three-dimensional image data using IMOD. J. Struct.
Biol., 116, 71–76.

34. Mastronarde,D.N. and Held,S.R. (2017) Automated tilt series
alignment and tomographic reconstruction in IMOD. J. Struct. Biol.,
197, 102–113.

35. Schindelin,J., Rueden,C.T., Hiner,M.C. and Eliceiri,K.W. (2015) The
ImageJ ecosystem: an open platform for biomedical image analysis.
Mol. Reprod. Dev., 82, 518–529.

36. Schneider,C.A., Rasband,W.S. and Eliceiri,K.W. (2012) NIH Image
to ImageJ: 25 years of image analysis. Nat. Methods, 9, 671–675.

37. Wickham,H. (2016) In: ggplot2: Elegant Graphics for Data Analysis.
Springer-Verlag, NY.

38. Wickham,H., Averick,M., Bryan,J., Chang,W., D’Agostino
McGowan,L., François,R., Grolemund,G., Hayes,A., Henry,L.,
Hester,J. et al. (2019) Welcome to the tidyverse. J. Open Source
Softw., 4, 1686.

39. Blasco,M.A., Lee,H.W., Hande,M.P., Samper,E., Lansdorp,P.M.,
DePinho,R.A. and Greider,C.W. (1997) Telomere shortening and
tumor formation by mouse cells lacking telomerase RNA. Cell, 91,
25–34.

40. Kim,N.W., Piatyszek,M.A., Prowse,K.R., Harley,C.B., West,M.D.,
Ho,P.L., Coviello,G.M., Wright,W.E., Weinrich,S.L. and Shay,J.W.
(1994) Specific association of human telomerase activity with
immortal cells and cancer. Science, 266, 2011–2015.

41. Bryan,T.M., Englezou,A., Dalla-Pozza,L., Dunham,M.A. and
Reddel,R.R. (1997) Evidence for an alternative mechanism for
maintaining telomere length in human tumors and tumor-derived cell
lines. Nat. Med., 3, 1271–1274.

42. Billia,F. and de Boni,U. (1991) Localization of centromeric satellite
and telomeric DNA sequences in dorsal root ganglion neurons, in
vitro. J. Cell Sci., 100, 219–226.

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

44. Molenaar,C., Wiesmeijer,K., Verwoerd,N.P., Khazen,S., Eils,R.,
Tanke,H.J. and Dirks,R.W. (2003) Visualizing telomere dynamics in
living mammalian cells using PNA probes. EMBO J., 22, 6631–6641.

45. Ramirez,M.J. and Surralles,J. (2008) Laser confocal microscopy
analysis of human interphase nuclei by three-dimensional FISH
reveals dynamic perinucleolar clustering of telomeres. Cytogenet.
Genome Res., 122, 237–242.

46. Weierich,C., Brero,A., Stein,S., von Hase,J., Cremer,C., Cremer,T.
and Solovei,I. (2003) Three-dimensional arrangements of
centromeres and telomeres in nuclei of human and murine
lymphocytes. Chromosome Res., 11, 485–502.

47. Martinez,P., Thanasoula,M., Munoz,P., Liao,C., Tejera,A.,
McNees,C., Flores,J.M., Fernandez-Capetillo,O., Tarsounas,M. and
Blasco,M.A. (2009) Increased telomere fragility and fusions resulting
from TRF1 deficiency lead to degenerative pathologies and increased
cancer in mice. Genes Dev., 23, 2060–2075.

48. Sfeir,A., Kosiyatrakul,S.T., Hockemeyer,D., MacRae,S.L.,
Karlseder,J., Schildkraut,C.L. and de Lange,T. (2009) Mammalian
telomeres resemble fragile sites and require TRF1 for efficient
replication. Cell, 138, 90–103.

49. Takai,H., Smogorzewska,A. and de Lange,T. (2003) DNA damage
foci at dysfunctional telomeres. Curr. Biol., 13, 1549–1556.

50. Cremer,M., Muller,S., Kohler,D., Brero,A. and Solovei,I. (2007) Cell
preparation and multicolor FISH in 3D preserved cultured
mammalian cells. CSH Protoc., 2007, pdb.prot4723.
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