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Chapter 5

Controlled light exposure microscopy 
re eals dynamic telomere 
microterritories throughout the cell 
cycle
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Background. Telomeres are complex end 

-

-
-

ECV-304 cells stably expressing telomere 
binding proteins TRF1 & TRF2 fused to 
mCitrine using 4-dimensional microscopy. 
We thereby made use of controlled light 

-
nology that strongly reduces photodamage 

where full exposure is not needed. 
Results. We found that telomeres share 
small territories where they dynamically 
associate. These territories are preferen-

-

bound. At the onset of mitosis, the bulk 
of TRF protein dissociates from telomere 

-

instability and studying long-term nuclear 
dynamics.

 
Telomeres are the natural ends of linear 
chromosomes. A mammalian telomere 
consists of a double stranded array of simple 

structure 1

telomere repeats, a complex of indirect and 
direct telomere binding proteins, dubbed 
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shelterin, assures proper telomere structure 

the homodimers Telomeric Repeat binding 

Telomeres 1 (POT1) that binds to the single 

3-overhang and in the D loop of the T-loop 
2-5.

-

assuring proper gene expression, replica-
6-8. Telomeres 

are considered to play an important role in 

nuclear periphery 9,10, there is no consen-
sus on how telomeres are organized in the 

point of view, human telomeres have been 
proposed to be anchored to a nuclear scaf-
fold, thereby possibly providing structural 
stability to the nuclear interior 11-13. Several 

14-16, nucle-
17-19 and cell type and cell cycle 

dependence 16,20-22. These data have mainly 
-
-

meric probes or immunocytochemistry for 
telomere binding proteins, both methods 

protocols can perturb the nuclear architec-

Therefore there is no proof that these varia-

in the living cell. In a pilot study telomeres 
were visualized in living osteosarcoma cells 

for most telomeres, and an increased mobil-
ity of some telomeres 23. This pivotal study 
was a great step forward although it made 

health and photobleaching and phototox-

-
enous products that cannot be synthesized 
within the cell, they will be diluted during 

to follow the targets for longer periods of 

telomeres and telomere binding proteins. 

hampered by photodamage, mainly elicited 
-

24,25. ROS react 
with a large variety of cellular components 

arrest or cell death (phototoxicity) 26-28. Radi-

-
fore, in order to minimize photodamage, 

(the cause) is preferable. We have applied 
a novel technology called controlled light 

only where it is needed 29,30

-
-
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-

thereby strongly reduces the light dose for 
-

amount of phototoxicity experienced by the 
cells 29 -

-

the study of telomere mobility and telomere 
binding protein dynamics during cell cycle 
progression.

-

H2B is a clone from the cervical carcinoma 

31

was originally described as an immortal-
ized endothelial cell line 32. However, more 

-
noma cell line T24 33

imaging, cells were grown on collagen coat-

-

-

-

Stable cell-lines
-
-

mately all cells are cycling, they have a brief 

® (Invitro-
-
-

-

consistency with parental cells. Selected 

which were again screened for the same 
criteria. These stable cell lines were named 

-

-
sion level of the endogenous protein (data 
not shown).
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Flow Cytometry

PBS. They were then stained with propid-
ium iodide (solubilised in PBS supplemented 

ml for 30min at 37°C and stored at 4°C in the 

-

-

between channels, due to emission spectra 

by using unstained controls. Results were 
-

-

-
-

cules was approximated by the number of 

-
-

scope and allowed to equilibrate to 37°C for 
30 minutes. Cells were observed under a 

-

29

-
cal path of a 488-nm argon-ion laser at 25 

simultaneous phase contrast imaging. In the 

acquired every 2 or 15 minutes. Images 

using a 12 bits Analogue Digital Converter 
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and the pinhole was set to a medium open-

The physical voxel size was 104nm x 104nm 
-

the standard guidelines described by Hoebe 
et al. 30

-

bright foreground was set approximately 

-

recorded simultaneously with the actual 

-
) and in 

follows 30

x y z
xyzex

xyz

)PSF)time(I()im(I

x y z
)im(I

CLEM

CLEMnon

N
N

R  (1)

whereby I(im) is the voxel intensity of the 

-

ex. 

-
cal microscope was used with a 60x oil plan 

acquired with minimum pinhole open-

50nm x 50nm x 100 nm). The same type 

-

Dublin, Ireland).  

Photobleaching experiments

-

100
)(

)()(
O

O

NN
TT

tI
t

t
rel

 
(2)

-

bleached telomere was normalized to the 

point t according to eq. 2. The experimental 
®, with a double 
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tkcctIrel 110 exp1)(
tkctk 221 exp1  

(3)

with c0, c1 and c2 1 2 
the corresponding rate constants of those 

t
-

bleaching period and switched on during 
monitoring.

described before 34

formaldehyde at room temperature (15 
minutes), slides were washed in PBS (3 x 

-

x 5 minutes) and dehydrated in an ethanol 

-

3

reagent in 10 mM Tris, pH 7.2, was added 
and the slide was covered with a coverslip 

slide was incubated at 95°C for 10 minutes 

-
ing the coverslip, slides were washed at 21°C 

cells were dehydrated in an ethanol series 
(3 x 3 minutes), air dried, and amounted 

ml). 

minutes). Cells were permeabilized in PBS 

were incubated in a humid chamber at room 

sc-9143, Santa Cruz, Heidelberg, 

in PBST and subsequently incubated with 

slides were dehydrated in an ethanol series 
® containing 1 

Image processing is mainly done in Matlab® 

-

-

images were deconvolved with Huyghens® 

-

-
-
-

-
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35. In transfected cells 

To measure telomere volumes, the images 

-
cally thresholded according to the isodata 
algorithm to separate the telomere domains 

telomere volumes were determined by 3D 

growing. The integrated intensity within 
these telomere domains was measured 

voxels belonging to the telomere spot 36.
-
-

mobility was expressed in mean square 

 - t0 can be expressed as 37,38

2

)()(1)(
n

ji
jijj trtr

jn
tMSD   (4)

r  the 3-dimensional vector of the telomere 

 
CLEM allows for long-term 

without notable photodamage
-

eres without compromising cell survival, 
photobleaching and phototoxicity needed 
to be minimized. Therefore we used novel 

durable imaging without loss of image qual-

sized nuclei were imaged in 3D at 2 minutes 

and another with the same laser power and 
-

-
gible under controlled light exposure (less 

-

-

has dropped in intensity down to the level 
of the noise whereas the number of spots 

delay, phenomena never observed under 
-

of live-cell 3D-movies of nuclei throughout 

intervals of 2 minutes). Mitoses were even 

-

we were neither limited by photobleaching 
nor by phototoxicity.
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telomeres throughout interphase

-

1) telomeres are visible as bright spots scat-

tered throughout the nucleus. At prophase 

and almost disappear in metaphase (cell 

-

cell cycle without compromising biological 

-

-

(measured as nuclear integrated intensity, 

red line). In prophase, approximately one 

nuclear intensity, blue line). The decrease of 

However, a small part of the telomere-

telomeres throughout mitosis (supplemen-

by simultaneous imaging with increased 

rapidly accumulates in the newly formed 

-

and the intensity slowly increases through-

intensity does not increase any further in 

telomere volume of nuclei was 0.03μm³ in 

-

-

late in the telomeric regions, exceeding a 

factor 2 which can be expected for telomere 

-

cence of mCitrine only doubles during cell 

volume unit - is nearly constant through-

to be a directed, physiological process. 
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TRF2 dynamically binds to the 
telomeric region

-

niques 39,40. One of the main technical 

spot outside the bleach region is strongly 

dependent on the bleaching induced by 

the telomeric regions are rapidly replaced 

t

in telomeric regions are very dynamic and 

Figure 1 Bleach-
ing curves illus-
trate the supe-

squares) versus 

(light circles). 
The data points 
represent aver-
ages of 6 nuclei 
and the stand-

are represent-
ed by the grey 
bars. The imag-
es below the 
graph demon-
strate the pres-

image quality 
and telomere-
resolvability 
under control-
led light expo-
sure through-
out the imaging 
period, where-

causes rapid 
bleaching and 
image qual-

μm.
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the nucleus. However, they are not random-

clear preference for the central region of the 

nucleus (data not shown). Hoechst counter-

Figure 2 

-

-

-

10 μm.
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-

sis 41 -

and mCitrine intensity, but PDM plots show 

-

-

-

interphase. This rigidity of telomere constel-

5a, Supplementary movie 2, online). A maxi-
-

domains in which the telomeres move 

In analogy to chromosome territories, we 

Those that could be traced throughout the 

between the intensity of telomere regions 
and the radius of the territories in which 

inside a territory was characterized by mean 

found lower values, around 0.3μm² per hour 

witnessed. We observed telomeric regions 
that suddenly moved with varying speed in 

-
eric regions with increased random move-

MSD values were found to occur as well. 
Although such events were rarely observed 

a result of such movements, brief coinciden-

Re
la

ti
ve

 F
lu

or
es

ce
nc

e 
In

te
ns

it
y 

(%
) 

Recording Time (sec)

CLEM-FRAP curvea.

Re
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ti
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 F
lu

or
es

ce
nc

e 
In

te
ns

it
y 

(%
)

Recording Time (sec)

CLEM-FLIP curveb.

Figure 3 

a circular region containing a telomere spot 

acquiring an image every 2 sec. The bleaching 
pulse resulted in an intensity drop of approxi-

and a telomeric region at the opposite side of the 
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telomeric regions split into two separated 
regions due to such sudden movements.

sodium azide and deoxy-glucose, sudden 

random movement did not slow down indi-
-

ments were ATP dependent.

Telomeres cluster and dynamically 

In all cell types the counted number of telo-

number of telomeres (or sister telomere 

method (stable and transient expression 

-

remain associated by cohesins at least up to 
prophase 42,43

-

-

cannot be explained by coincidence. This 
implies that each telomeric region consists, 
on average, of two or three telomeres (or 

we observed that telomeric regions indeed 

consist of separable units when a region 

Probably, these separate units that are visi-

cells) dynamically moving inside the telom-
eric region. A second, more stringent level 

thereby been revealed. Apart from the long-
er distance movements and brief collisions, 
telomere territories seem to contain at least 

light dose in parts of the image where full 
exposure is not needed to improve image 
quality and imaging sustainability. This is 

29,30. The new technology has turned out to 

of telomere protein and telomere dynam-
ics in detail in living cells, not only during 

60 minutes, which was also experienced by 
other research groups 23. Because of the 

cell the light dose was roughly reduced by 
-

ing was found to be far higher, up to a factor 

within the regions of interest (telomeres) 
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a high sampling rate (one 3D image in every 
2 minutes) for more than 24 hours without 

cell damage (cells went through mitosis at 
unaltered speed). We therefore conclude 
that the cells can cope with a certain amount 
of photodamage. Internal conversion of ROS 
by defusing enzymes (catalase, superox-
ide dismutase) and the presence of natural 

tocopherol…) can help minimize the damag-

-
rescence in regions of interest. In conclu-

-
ying telomeres throughout the cell cycle. 
 An increasing body of evidence shows that 
telomeres are organized in a non-random, 
cell-type and cell cycle-dependent manner 
16,21,20,44,45

form few large clusters at the heterochro-
9,10, most human telom-

eres have been shown to avoid the nuclear 
periphery 16,21. In line with this, we found that 

probability of localizing in the central part of 
the nuclear volume. Moreover, we demon-

-

-

-
mocenters 19. Since mice contain exclusively 
acrocentric chromosomes, this biphasic 

only contains 5 acrocentric chromosomes 

have a higher probability of localizing within 
17.  In human cells 

are also present on subtelomeres of meta-
-

-
eres generally reside at the interface of 

-
-

-
46 and there is evidence for a silencing 

observed in budding yeast 47,48. On the other 
hand, when telomeres shorten, they acquire 

probably to allow access to telomere elon-
49 -

eres have been found in close proximity of 
-

sive SC35 domains 17,18, telomeres replicate 
-

50,51 and recently, 

52,53. Together, these 
data point to telomeres being unique struc-
tures with an ambiguous character bearing 

-
-
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number of telomeres is twice as low as can 

researchers have described the inability to 
detect all telomeres, mainly in non-cycling 
cells 14-16. We have now shown that associa-

that this cannot be explained by random 
-
-

20. Similarly, 

genomic instability and causes an analo-
22

cells this phenomenon might explain part 
of the underscoring, we have not observed 
aberrantly large conglomerates of telom-

genomically stable and thus should have 
no telomeric aggregates. Therefore, the 
possibility of telomeres forming general 

-
meric aggregates) in cycling cells might be 

we have demonstrated that telomere asso-

they show a dynamic interplay close to the 
-

-

have been suggested for telomere associa-

14

18

15 -
sive and could very well be of importance in 
cycling cells. Transient telomere collisions, 
observed by Molenaar et al. in osteosarco-

-
54

can coexist in human cells 55

46

150 92

   detected
65 50

60 nd*

77 64

   detected in random 141 88

*nd = not determined

Table 1 Comparison of avarage telomere number 

Figure 4
-

merge.
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-

eric regions are highly recombinogenic 56,57, 

Figure 5
-

μm) b. 

Figure 6

-
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-

-
ally, telomeres have been found to travel 
large distances within the nuclear volume 
and show (coincidental?) collisions 23. Our 

These dynamic events could portray under-

58. Arguments for this can be 

dynamic movements of telomeric regions 

the other hand we must remain careful in 

-

-
-

ally with the cell cycle and thus with the 

endogenous proteins as measured by west-

21,59. 

for both proteins.  Immunostainings have 

the telomeres throughout the cell cycle 21,60. 

and single cell analysis. Although there 

-

Figure 7 Model of 
telomere organi-

-
ity. Telomeres are 
centrally enriched in 
the human nucleus 
and predominantly 
tether in clusters of 
2 or 3 at the interface 
of eu- and hetero-

-
eres or telomere 
clusters show limited, 
constrained mobility 
within a territory due 

(b) or move under 

tectonics (c).
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at telomeres throughout the cell cycle with 

entrance in mitosis. More intense illumi-

covering the telomeres. The proteins in the 

length regulatory processes 40

-

reported to become phosphorylated and to 
61,62. 

-

-

documented before 40, but we have used a 

-
odological (beam geometry, bleach depth), 
biological (cell type, cellular health, expres-
sion level, protein turnover) and physical 

-
ents). 
 We have shown that telomeric regions are 
conglomerates of (two to three) telomeres 

proteins that slowly accumulate during inter-

technique and it cannot be ruled out that 
separate neighbouring telomeres are closer 

-

-
-

63. Although 
these techniques each have their own 

proteins, there is now also evidence that a 
-

meric regions 52,53. A complex that consists 

proteins may be involved in clustering of 
telomeres in groups of 2 or 3. It is plausible 
that at the onset of mitosis, when synthesis 

the telomeric protein complexes and there-

 In conclusion, the presented setup has 
-

temporally resolved imaging of telomere 

in future experiments to further elucidate 
the role of telomeres in genome instability 

c-myc) and ageing.  

from the department of Biochemistry of the 

-
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Figure S1

per cell cycle phase (9 technical replicates) show-

-

Figure S2. The graph represents the average 
telomere volume and intensity (blue and red line 

decrease in intensity and volume during mitosis 

-
sented by a curve in the x-axis between 16 h and 
17 h, was recovered upon manual refocusing. 

Figure S3 -
nated with higher intensity at selected moments 

Figure S4. Telomeres localize predominantly 

overlaid with (telomere) outlines from image a 

point overlaid with the outlines from image d 
(telomere territories) to compare telomere with 

points (80 min) of the H2A-mCherry channel over-
laid with the outlines from image d to demon-

-

both channels and is pseudocoloured to highlight 
-
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Figure S5. 
-

telomeres, showing size-independence of direct-

Figure S6.

-
urements were performed on the same nuclei 
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