Nucleus 3:3, 263-275; May/June 2012; © 2012 Landes Bioscience

REVIEW

PML body meets telomere
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The unlimited proliferation potential of cancer cells requires
the maintenance of their telomeres. This is frequently
accomplished by reactivation of telomerase. However, in a
significant fraction of tumors an alternative lengthening of
telomeres (ALT) mechanismis active. The molecular mechanism
of the ALT pathway remains elusive. In particular, the role of
characteristic complexes of promyelocytic leukemia nuclear
bodies (PML-NBs) with telomeres, the ALT-associated PML-NBs
(APBs), is currently under investigation. Here, we review recent
findings on the assembly, structure and functions of APBs. It
is discussed how genomic aberrations in ALT-positive cancer
cells could result in the formation of APBs and in ALT activity.
We conclude that they are important functional intermediates
in what is considered the canonical ALT pathway and discuss
deregulations of cellular pathways that contribute to the
emergence of the ALT phenotype.

Telomere Maintenance Mechanisms

The ends of linear chromosomes, the telomeres, consist in humans
of 5“TTAGGG-3' repeats that adopt a specific chromatin struc-
ture. The DNA at the telomeres is mostly double-stranded with
a single-stranded terminal 3'-overhang of the G-rich strand.! The
telomere repeats can fold back on itself with the G-rich tail invad-
ing the telomeric duplex DNA to form a telomere loop (t-loop).?
This specific DNA structure is recognized by “shelterin” proteins,
including TRF1, TRF2, POT1, RAP1, TIN2 and TPPL. This
nucleoprotein complex protects the chromosome end from being
recognized as a DNA double-strand break (DSB) and prevents
triggering a DNA damage response (DDR).*
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Due to the end-replication problem and exonucleolytic activi-
ties, the ends of linear chromosomes shorten with every cell
division. Upon reaching a critical telomere length, DDR factors
induce replicative senescence or apoptosis.”® Accordingly, the
number of cell divisions becomes limited, which represents an
important tumor suppressor mechanism.>” Cancer cells circum-
vent this constraint to gain an unlimited proliferation potential
by acquiring a telomere maintenance mechanism (TMM).% In
about 85% of human cancers, telomere maintenance is achieved
by reactivation of telomerase, a reverse transcriptase that synthe-
sizes telomeric repeats but is normally only active in embryonic
and adult stem cells.”'® Some cancer types extend the telomeres in
the absence of telomerase activity by an alternative lengthening
of telomeres (ALT) pathway that operates via DNA repair and
recombination processes.!’ Which type of TMM is active seems
to depend on the origin of the tumor. ALT is rarely found in
carcinomas but frequently activated in tumors of mesenchymal
and neuroepithelial origin like osteosarcomas, liposarcomas or

astrocytomas.'>"?

Features of the Alternative Lengthening
of Telomeres Pathway

Several characteristic features are associated with ALT activity.
First, the telomere length distribution is highly heterogeneous
and ranges from less than 3 kb to more than 50 kb (Fig. 1)."
In contrast, in human telomerase-positive cells all telomeres
typically have a similar length of around 10 kb. Second, ALT-
positive cells have been described to contain several classes of
extrachromosomal telomeric repeats (ECTRs) in the nucleus.
ECTRs comprise double- and single-stranded circular molecules,
linear telomeric DNA and t-complex molecules that consist of
high molecular weight DNA with highly branched structures.”>!®
These DNA fragments might be products of t-loop resolution by
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Figure 1. Characteristic features of ALT-positive cells. (A) Telomeric repeats of metaphase chromosomes were stained with Cy3-labeled PNA probes
(red). ALT-negative human lymphocytes show a homogeneous distribution of telomere repeats lengths.®® (B) Telomere FISH reveals a high variation
in telomere repeat lengths in ALT-positive U20S cells with some chromosomal ends displaying long telomeric repeats as inferred from bright FISH
signals, whereas others lack any signal indicating that telomeric repeats are very short. (C) Immunofluorescence of the PML protein (green) and the
telomere repeat binding factor TRF2 (red) in a U20S cell nucleus demonstrates the presence of PML-NBs at some telomeres (indicated by arrows),
which are defined as ALT-associated PML-NBs or APBs. DNA was counterstained with DAPI. The scale bars are 10 um.

recombination enzymes. The function of ECTRs in the telomere
lengthening process is unknown but the amount of partially
single-stranded telomeric (CCCTAA) DNA circles (C-circles)
appears to correlate with ALT activity.” Third, the occurrence
of telomere sister chromatid exchanges (T-SCE) is generally
increased in ALT cells.*>* Fourth, in ALT cells promyelocytic
leukemia nuclear bodies (PML-NBs) associate with some telo-
meres (Fig. 1).?*? These complexes are called ALT-associated
PML-NBs (APBs).?* Here, we will focus on these nuclear sub-
compartments rather than covering the ALT pathway in general,
which has been reviewed in references 18, 24 and 25. We will
summarize what is known about the structure and assembly of
APBs and consider their possible functions for ALT. Since APB
formation alone is presumably not sufficient to trigger ALT activ-
ity, we will discuss the additional deregulation events that might
be involved in ALT initiation. Interestingly, recent evidence sug-
gests that telomerase-independent telomere maintenance can also
occur in the absence of APBs and/or other characteristic ALT

features.?®

28 Based on these findings, we will consider the pos-
sibility that more than one ALT mechanism exists, and how this
might reconcile apparently contradicting results concerning the

role of APBs in ALT-mediated telomere elongation.
Structure and Dynamics of PML Nuclear Bodies

PML-NBs, also known as PML oncogenic domains (PODs),
nuclear domain-10 (ND10) or Kremer (Kr) bodies, are mobile
structures in the cell nucleus that form distinct subcompartments
0f 0.2 to 1 wm in diameter.?*? Depending on cell type, cell cycle
phase, differentiation stage and various stimuli, the number of
PML-NBs in the cell varies between 5 and 30.%° Apart from a few
disease-related cases discussed below, normal PML-NBs do not
contain any nucleic acids but were found to be associated with the
surrounding chromatin fibers and with newly synthesized RNA
at their periphery in some instances.’'
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The main structural components of PML-NBs are the PML
and SP100 protein. They assemble into a hollow sphere with a
shell thickness of 50-100 nm independent of the diameter of the
whole PML-NB.?? In addition to the PML and SP100 marker
proteins, an ever-growing number of factors, by now about 100,
are found to associate in a transient manner with PML-NBs.*
Accordingly, PML-NBs have been implicated in a remarkably
large number of nuclear activities as discussed in reference 32.

Seven different PML isoforms exist in humans with an iden-
tical N-terminus containing the so-called RBCC/TRIM motif
consisting of a RING protein domain, B-boxes and a coiled-coil
domain/tripartite motif. The RBCC/TRIM motif is essential
for PML-NB formation as it is required for the multimerization
of PML protein. The central role of PML in the formation of
nuclear bodies was shown in cells lacking this protein. These
cells are not only devoid of PML-NBs, but also other proteins
normally residing in these compartments display an aberrant
localization within the nucleus.?** Despite sharing an identical
N-terminus, the PML isoforms show different behaviors when
evaluating their dynamic exchange between a PML-NB and the
surrounding nucleoplasm (Fig. 2).* Fluorescence recovery after
photobleaching (FRAP) experiments identified PML-V as the
most stably bound component of PML-NBs with an average resi-
dence time of 48 min, whereas the other isoforms displayed faster
exchange rates on the minute time scale. The second constitutive
structural component of PML-NBs, SP100, showed a short resi-
dence time of less than 1 min in the nuclear bodies. Also other
components of PML-NBs are not bound tightly. Instead, as dem-
onstrated exemplarily in FRAP experiments for DAXX (death-
associated protein 6) and BLM (Bloom syndrome protein), they
can move rapidly in and out of PML-NBs (Fig. 2).

Both PML and SP100 can be posttranslationally modified
by the small ubiquitin-related modifier (SUMO) and contain
SUMO interacting motifs (SIMs).*® Sumoylation is mediated by a
sequence of enzymatic reactions similar to the ubiquitin pathway,
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Figure 2. Dynamic structure of a PML nuclear body. A PML-NB consists of a spherical shell composed of PML and SP100 proteins, which are stabilized
by non-covalent interactions of the posttranslational modification SUMO with SIM domains. The SUMO2/3 variant, which is able to form chains, is
also found in the interior of the subcompartment in contrast to SUMO?1, which is enriched in the PML-SP100 shell.?? The SUMO modifications promote
binding of proteins that contain SIMs. Photobleaching experiments revealed that the PML-NB constituents are very dynamic with the exception of the
PML-V isoform, which displays a high average residence time of ~50 min at NBs indicating that this isoform plays a role as a structural scaffold.> PML-
NB associated proteins like DAXX and BLM show a rapid turnover and can reach the interior with only a relatively small reduction in diffusive mobility.
The crucial role of SUMO modifications becomes apparent during mitosis when the shell structure breaks down upon desumoylation of the PML-NB
constituents. The PML protein forms unspecific aggregates by interactions of its RBCC domain.*®%3

involving the E1 activating enzyme complex, the E2 conjugating
enzyme UBCY as well as E3 ligases. However, modification of
a protein by SUMO does usually not trigger degradation, but
allows non-covalent binding by proteins that contain SIMs. In
vertebrates, three SUMO variants were shown to have a biologi-
cal function. SUMO2 and SUMO3 are often not further distin-
guished, since they differ in only three amino acids. In contrast,
human SUMOIL shares only 47% homology with SUMO2/3
and is functionally different.””’ For instance, SUMOL is mostly
found in its conjugated form, whereas there seems to be a pool of
free SUMO2/3, which is only conjugated upon cellular stress.”
Since PML-NBs are highly modified with all three SUMO iso-
forms and are enriched with sumoylated and SIM-containing
proteins, they have been referred to as “sumoylation hotspots.”™°
Interestingly, the distribution of the SUMO variants within a
PML-NB is heterogeneous. While SUMOL is mostly restricted
to the surrounding shell, SUMO2/3 can be found at the shell
and in the interior of the nuclear body (Fig. 2).?> This may reflect
the differential modification of target proteins bound at different
sites to the PML-NB. Notably, SUMO2/3 can also form poly-
meric SUMO chains, while evidence for the existence of SUMO1
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chains in vivo is lacking.® Thus, SUMO2/3 chains may pro-
trude from the shell into the interior of the nuclear body (Fig. 2).
Several reports have demonstrated a crucial role of sumoylation
for the assembly and stability of PML-NBs. First, the PML pro-
tein itself is sumoylated at three lysine residues, and it has been
shown that exogenously expressed mutants that lack these resi-
dues are not able to form PML-NBs in a Pm/’ background.*
Likewise, cells lacking SUMO pathway components do not form
these nuclear structures.”” Second, PML can bind directly to the
SUMO E2 conjugating enzyme UBC9 via its RING domain and
might itself have SUMO E3 ligase activity.** Third, the SIM of
the PML protein is required for the formation of nuclear bodies,
and the SP100 protein is sumoylated and contains a SIM.3¢4-4
The above findings led to a model in which PML-NB for-
mation is accomplished by SUMO-SIM interactions of PML
proteins among themselves as well as with partner proteins like
SP100.%¢44” Consistent with this view, desumoylation of PML
during mitosis is accompanied by the disassembly of the nuclear
bodies resulting in the presence of unstructured mitotic accumu-
lations of PML protein (Fig. 2).% Moreover, the residence times
of PML, SP100, and other components at the PML-NBs are
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scanning microscopy can detect ~4 APBs per cell
with a homogeneous size distribution in 90% of
unsynchronized cells in the ALT-positive U20S
osteosarcoma cell line’® A three-dimensional
high-resolution 4Pi microscopy analysis showed
that the PML protein encloses the telomeric
DNA by forming a shell (Fig. 3). The thick-
ness of the PML-formed spherical layer is simi-
lar to the one measured for normal PML-NBs
and independent of the total size of the APBs,
i.e., small APBs appear to form with the same
PML-SP100 structural scaffold as larger ones.”
Accordingly, restricting the analysis of APBs
to those of large size might underestimate their
number and appearance.

By definition, APBs comprise PML-NB
components like PML, SP100, SUMO and
telomere repeat-associated proteins like TRFI,
TRF2, POT1 or RAPL.? Additionally, they
contain factors that are involved in DNA dam-
age response and repair, such as the compo-

nents of the 9-1-1 complex (hRRAD9, hHUSI,

Figure 3. High-resolution two-color fluorescence 4Pi-microscopy image of an APB. The
PML-NB (visualized by immunofluorescence of PML protein) is shown in green and the
telomeric repeat sequence, which is hybridized to a telomere-specific PNA probe, in red.
The corresponding merged image (merge 1) and the 3D image reconstruction (bottom)
reveal that the PML-protein forms a spherical shell that is clearly separated from the telo-
meric repeat sequence.?? This structure is independent from the size of the APB as can be
inferred from the image of a smaller complex shown in merge 2. The scale bar is 0.5 pm.

hRADI), hRADL17, the phosphorylated histone
variant H2A.X (YH2A.X), the RecQ-like heli-
case BLM, heterochromatin protein HP1 or the
structural maintenance of chromosome complex
(SMC5/6), which includes the SUMO E3 ligase
MMS21.°4572 Recent studies highlight the cru-

influenced by their sumoylation state.” In addition to its struc-
tural function of interlinking PML and SP100 via SUMO-SIM
interactions, SUMO is also required for recruiting other protein
factors to the PML-NB. In fact, most PML-NB protein com-
ponents are substrates for sumoylation and/or contain a SIM.*
Examples for SUMO-SIM-mediated targeting to PML-NBs
include DAXX, TDG (thymine-DNA glycosylase), BLM, CBP
(CREB binding protein) or IKKe (inhibitor of nuclear factor
kappa-B kinase &), and inhibiting the SUMO interactions per-
turbs the sequestration of these proteins by PML-NBs and has
functional consequences.***~! Furthermore, as discussed in a
recent review, arsenic trioxide induced sumoylation of PML and
possibly other proteins in PML-NBs recruits the SUMO-targeted
ubiquitin ligase RNF4 (RING finger protein 4) and leads to deg-
radation of PML by the proteasome.*

Structure and Composition of ALT-Associated PML
Nuclear Bodies

As mentioned above, PML-NBs do not contain nucleic acids in
normal cells. However, in ALT-positive cells, a subset of PML-
NBs co-localizes with telomeric DNA. Previously, the percentage
of APB-positive cells within an asynchronous dividing ALT cell
population was estimated to be 5-10% based on the detection
of large co-localizations of PML and telomeres (-1 pm in diam-
eter) by wide-field microscopy.”*> However, confocal laser
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proteins involved in homologous recombination localize to APBs,

tive lengthening of telomeres.’

as for example the endonuclease MUS8I, replication protein A
(RPA), RAD51 and RADS52, breast cancer susceptibility protein
1 (BRCALI) or the MRN complex consisting of NBS1, MRE11
(meiotic recombination 11 protein) and RAD50.2¢6 A detailed
overview of protein factors found in APBs is given in a recent
review in reference 24.

Mechanisms of APB Assembly

One mechanism for the formation of APBs could be a collision
between a fully assembled PML-NB and a telomere within the
cell nucleus. Several studies have addressed the mobility of PML-
NBs by live-cell microscopy using fluorescently labeled con-
structs of PML or SP100.9-%¢ The majority of PML-NBs displays
a restricted movement within a confined domain, a behavior
that has also been observed with other nuclear bodies like Cajal
bodies.®* These bodies diffuse within an accessible corral with
100—200 nm radius in the chromatin environment, and this chro-
matin corral again can translocate more slowly in the nucleus.®*¢
Analyzing PML-NB movement with respect to a labeled telomere
allows for a classification of nuclear bodies into those that are
directly associated within the same chromatin region as the telo-
mere and others that translocate in a more uncorrelated manner
with respect to chromatin (Fig. 4A).°>
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Visualizing the dynamics of telomeres in ALT-positive cells
is somewhat more challenging than those of nuclear bodies due
to the presence of ECTRs, which consist of isolated telomeric
sequences bound by shelterin proteins. Thus, it is difficult to
exclude that telomere labels in living cells like FISH probes or
GFP-tagged telomere-binding proteins reflect to some extend
also complexes with ECTRs. These extra-chromosomal par-
ticles might display a higher mobility than genuine telomeres
attached to a chromosome. As an alternative approach to tag
telomeres, stable integrations of /ac operator (lacO) sequences
next to the telomeres have been introduced.” These /zcO arrays
provide high-affinity binding sites for the lac repressor Lacl that
can be detected as a fluorescent fusion protein in living cells.®”!
Using this system, a bimodal distribution of telomere mobil-
ity in ALT-positive U20S cells was revealed: the main fraction
of telomeres moved with lower mobility in a confined average
radius of 0.36 + 0.16 pwm, whereas a fraction of 15% displayed
an extended mobility with translocations in an average radius of
0.8 £ 0.1 wm in agreement with a previous report in reference 68
(Fig. 4B). Further experiments indicated an inverse correlation
of telomere repeat length and telomere mobility, possibly due to
the lack of interactions mediated by telomere sequence-specific
binding proteins with surrounding chromatin regions. This con-
clusion is supported by the finding that the deletion of TRF2
results in a higher mobility.”? Thus, short telomeres display an
increased mobility in the nucleus and explore a larger nuclear vol-
ume, which could facilitate interaction with a PML-NB. Such a
collisional event leading to the formation of an APB-like complex
was indeed observed.®® However, since both PML-NBs as well
as telomeres are relatively immobile during interphase, collisions
between them are rare events on the time scale of hours within
a given cell.

A more efficient mechanism for the formation of APBs in
ALT-positive cells appears to be the accumulation of soluble
PML protein at a telomere, which was also observed in time-

6568 This accumulation could be

lapse microscopy experiments.
mediated by the direct interaction of the telomeric repeat binding
factor TRF1 with the PML-IV isoform.”” Furthermore, several
lines of evidence suggest that the assembly of PML protein at
the telomere is strongly influenced by sumoylation, most likely
mediated by the SUMO E3 ligase MMS21, a component of the
SMC5/6 complex, that can be found in APBs. (1) It has been
shown that MMS21 mediates sumoylation of the shelterin com-
ponents TRF1, TRF2, TIN2 and RAP1.”’ Moreover, mutant
variants of TRF1 and TRF2 that cannot be sumoylated do not
form APBs anymore. (2) It has been reported that telomeres serve
as nucleation sites for the de novo assembly of PML-NBs in both
non-ALT and ALT cells.” This process involves the formation of
a transient PML-telomere complex and subsequent detachment
of the PML-NB from the chromosomal ends. PML-NB forma-
tion is accompanied by the presence of SMC6 at telomeres and
sumoylation of PML is crucial for this process. It is tempting to
speculate that in ALT cells a deregulated, increased sumoylation
of telomeric proteins impairs the detachment of mature PML-
NBs from telomeres by maintaining SUMO-SIM interactions.
(3) Several SUMO-related proteins are capable of inducing de
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Figure 4. Dynamics of telomeres and PML-NBs within the cell nucleus.
(A) PML-NBs (depicted as green spheres) can be classified into distinct
groups according to their relative mobility with respect to a telomere in
its proximity. One group consists of PML-NBs that display a mobility un-
correlated with that of an adjacent telomere possibly due to its location
in a separated chromatin corral. Other PML-NBs translocate within the
same accessible chromatin space as a telomere. These show correlated
movement when PML-NBs and telomeres are detected simultaneously.
In ALT-positive cells, APBs represent an additional class of PML-NBs with
respect to their mobility, since these complexes are characterized by a
stable association of the PML-NB to a telomere and correlated move-
ments.® (B) Telomeres show varying degrees of mobility depending

on their repeat lengths. Long telomeres are bound by shelterin factors
and move within a confined radius of 0.3-0.5 pm that is similar to that
of other chromosomal loci.®*¢”¢¢ This is most likely due to an anchoring
function of the associated proteins with the surrounding chromatin. In
contrast, short telomeres lack sufficient binding sites, the anchoring is
progressively lost, and thus, they display an increased mobility.

novo APBs in ALT-positive U20S cells.®® This was demonstrated
by recruitment experiments in U20S cells with /zcO-tagged telo-
meres. In these experiments, GFP-tagged proteins were bound
to the telomeric /acO sites by employing a fusion construct of
Lacl with a high-affinity GFP-binding protein domain. The
propensity of inducing APB formation was evaluated by probing
the presence of PML protein at that telomere. The SUMO E3
ligase MMS21, as well as SUMO itself, were found to be highly
efficient in PML recruitment to the telomeres. Interestingly, a
non-conjugable SUMO1 mutant was as potent in initiating APB
formation as its wild-type counterpart, in contrast to a largely
reduced capability of the non-conjugable mutants of SUMO2
and SUMO3. If binding to a SIM was impeded by an additional
mutation of the non-conjugable SUMOI1 mutant, the ability to
induce APB assembly was lost. This identified the non-covalent
interactions between SUMOL and a SIM as a major driving force
for the APB nucleation event. In contrast, SUMO2 and SUMO3
appear to promote APB formation mostly via their conjugation to
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Figure 5. A model for APB assembly and ALT-specific telomere elongation. Su-
moylation of telomeric proteins by the SUMO E3 ligase MMS21 triggers the accumula-
tion of PML and SP100 at the telomere via SUMO-SIM-interactions.* A sumoylation
feedback loop leads to the complete assembly of the structural scaffold, which then
recruits repair and recombination factors.*® Within these functional APBs telomeres
are extended via DNA repair processes, non-replicative DNA synthesis and homolo-
gous recombination.>”¢%"¢ |t js proposed that after elongation APBs are disassembled
either by dissociation of the whole PML-NB from the telomere or by complete disas-
sembly of the PML-NB by desumoylation.”

other proteins, which could be important for recruiting further
APB components. The crucial role of SUMO-SIM interactions
for formation of APBs was also apparent from the observation
that various sumoylatable proteins can induce PML accumula-
tion when highly enriched at the telomere.*

maintenance mechanisms.

will lead to a high local density of SUMOL at the
telomeres will initiate APB formation via providing
a scaffold for SIM mediated protein accumulation.
An enrichment of SUMO2/3 at the telomeres via
conjugation to telomere-bound proteins would be
less efficient in this respect since SUMO2/3-SIM
interactions appear to play only a minor role for
APB nucleation.® In addition, it appears likely that a
sumoylation feedback mechanism exists that involves
MMS21 and a potential SUMO ligase activity of
PML itself.** The combination of SUMO-SIM inter-
actions and additional sumoylation creates a struc-
tural scaffold of PML and SP100 protein, to which
DNA repair and recombination factors assemble
subsequently.

Since multiple interactions between structural
APB factors and telomeric chromatin components are
involved in the assembly process, the question arises
to which degree the chromatin state at the telomeres
affects APB formation. Interestingly, heterochroma-
tin appears to represent a preferential interaction sur-
face for PML-NBs. It was shown that in fibroblasts
quiescently infected with herpes simplex virus PML-
NBs can accumulate viral genomes, which are asso-
ciated with heterochromatin protein HP1 in their
central core.”> Another example can be found in lym-
phocytes of patients suffering from the immunodefi-
ciency, centromeric instability and facial dysmorphy
(ICF) syndrome. These cells exhibit extremely large
PML-containing bodies that form as a layered struc-
ture surrounding heterochromatic satellite: DNA.7®
Moreover, a direct connection between HP1 protein
and APBs has been shown in RNAi-mediated knock-
down experiments, which revealed the requirement
of HP1a and HP1vy for APB formation.>* However,
there is also evidence that in mice an open, euchro-
matic structure at telomeres promotes assembly of
APB-like structures. In mouse cells, disruption of
the normally heterochromatic structure of telomeres
can result in the appearance of APBs and an ALT-
like phenotype.”””? Potentially, a less dense chroma-
tin structure could facilitate recombination processes
and binding of APB-related proteins at telomeres.
However, one has to be cautious about comparing
mouse and human cells with respect to their telomere
biology. Mouse cells have extremely long telomeres
and a less stringent regulation of telomerase activity,

so that cell proliferation capability does not depend on telomere

80,81

APB Functions

The different factors that contribute to APB assembly are
depicted in the scheme in Figure 5. Various PML-NB proteins
can induce a nucleation event at a telomere. From the above find-
ings on the role of sumoylation we conclude that any process that
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It is an ongoing question of current ALT research whether APBs
are—directly or indirectly—involved in the ALT mechanism,
or whether they are not associated with the telomere elonga-
tion process.”*78% Two studies that relate APB formation with
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senescence in ALT-positive cells argue in support of the latter
view.*8 By restoring wild-type p53 function in p53-deficient
ALT cells, senescence and accumulation of large APBs was
induced.”® It was proposed that upon induction of senescence
the histone chaperone HIRA relocates to PML-NBs. In ALT
cells this process could lead to the recruitment of HP1, telomeric
DNA and possibly a histone methyltransferase.®> As a result,
compaction of telomeric DNA would be promoted, which could
repress recombination. As large APBs are found only in ~5% of
cells within asynchronously dividing ALT cell populations, it was
suggested that APBs represent a fraction of cells that have spon-
taneously undergone growth arrest.”>>* However, this conclusion
is challenged by the finding that smaller APBs can be detected
in 50-90% of proliferating ALT cells, which argues against a

5683 Furthermore,

general association of APBs with growth arrest.
also in non-ALT cells telomeric associations drastically increase
upon induction of quiescence.® Therefore, the primary result of
senescence could be the clustering of telomeres that leads to an
appearance of larger co-localizations of PML and telomeres.

On the other hand, several lines of evidence argue strongly
for APBs having a functional role for ALT. First, the appear-
ance of APBs is a robust marker for the identification of human
tumors that utilize the ALT mechanism.** Only in rare cases
APB appearance and ALT are not linked as discussed in further
detail below.?**® Second, repression of the ALT mechanism in
cell hybrids of ALT cells with telomerase-positive tumor cells is
accompanied by the disappearance of APBs, whereas APBs assem-
ble upon activation of ALT-mediated telomere maintenance.?%
Third, experimental disruption of APBs by sequestration of the
MREI11-RAD50-NBS1 complex away from the telomeres or
knockdown experiments of components of the SMC5/6 complex
results in simultaneous shortening of telomeres.””® These data
can be rationalized by different mutually non-exclusive roles of
APBs in alternative telomere elongation. APBs could either oper-
ate by driving ALT-relevant processes or by being required to
avoid senescence or apoptosis. In support of the latter view it was
proposed that linear ECTRs, which might result from telomeric
recombination events, are sequestered by APBs.% This could
prevent ECTRs from being recognized as DNA double-strand
breaks and from triggering cell cycle arrest. The dynamic struc-
ture of APBs and PML-NBs poses a challenge for identifying
their native composition by classical purification approaches.”
Thus, an experimental demonstration that ECTRs are indeed
accumulated in APBs within the cell is currently missing. Similar
to their proposed function for sequestering ECTRs, APBs assem-
bled at very short telomeres could prevent DDR induction by
replacing the function of the missing shelterin proteins. However,
disruption of APBs does not lead to a fast induction of senescence
and apoptosis, which is in apparent contradiction to the predic-
tion that they are needed to avoid growth arrest.”%

Alternatively, APBs could actively promote telomere elonga-
tion by providing templates for replication- and recombination-
based telomere lengthening or by recruiting proteins that facilitate
these processes. Considering what we know about PML-NB:s it
appears likely that both PML-NBs and APBs provide catalytic

surfaces for certain reactions that would proceed less efficiently
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in the absence of these nuclear subcompartments. For PML-NBs
this is apparent from the multitude of enzymatic activities that
are associated with them. Specific examples are the requirement
of PML-NBs for phosphorylation-mediated p53 activation or
the possible role of the PML protein as a SUMO E3 ligase in a
sumoylation feedback cycle as proposed above.*!

A role of APBs as sites that provide templates for DNA recom-
bination or replication could involve the accumulation of ECTRs
as well as the promotion of telomere clustering.””"7%% Artificial
enlargement of APBs using the mutated Herpes virus protein
ICPO resulted in clustering of several telomeres at the surface of
these bodies.** Also live cell imaging experiments revealed that
PML bodies dynamically associate with one and more telomeres,
thereby possibly facilitating intertelomeric recombination.®

Due to their ability to enrich certain proteins and/or enhance
their activity, APBs can promote replication- and/or homolo-
gous recombination-mediated extension of telomeres, which
was shown in several studies.”®*3% Artificial enlargement of
APBs resulted not only in clustering of several telomeres but
also filamentous telomeric bridges were observed in metaphase
spreads. The latter structures suggested that intertelomeric
recombination was initiated but not resolved at the enlarged
PML bodies.®® Further evidence for telomeric extension taking
place in APBs comes from the detection of non-replicative DNA
synthesis in these subcompartments.””® Additionally, a recent
study revealed the induction of telomere extension through a
DNA repair mechanism by artificially accumulating PML at
specific telomeres in an ALT cell line. The resulting de novo
formed APBs co-localized with sites of non-replicative DNA
synthesis and the DSB repair marker histone YH2A.X and led
to an increase of the telomere repeat length.®

In summary, strong evidence exists for a role of APBs in
actively promoting alternative telomere lengthening. Dissecting
their function further would require knowledge of molecular
details of the ALT mechanism to test which specific reaction
steps are facilitated by APBs. To date, this information is missing
but several models are currently investigated and are described in

a number of excellent reviews.'4!8:92-%

Triggering ALT Activity by a Sequence of
Deregulation Events

The existence of PML and telomere co-localizations in ALT-
positive cells was discovered more than ten years ago. Their
appearance was assumed to be an exclusive feature of ALT-positive
immortalized cell lines and tumors.”> However, PML-telomere
co-localizations have recently been reported to be present also in
ALT-negative cells.”>” In order to distinguish these colocaliza-
tions from APBs, which by definition are only present in ALT-
positive cells, the term telomere-associated PML bodies (TPBs)
was introduced.” Small TPBs (<0.9 pum in diameter) were found
in several non-neoplastic cells in the absence of any TMM.” The
highest frequency of TPBs (median 7-15% of cells) was detected
in mesenchymal tissues, from which most ALT tumors arise.
Interestingly, the frequency of TPBs was increased upon induc-
tion of DNA damage. This suggests that TPBs in mortal cells

269



telomere
shortening

deregulated
sumoylation
(epi)genetic
aberrations

- loss of p53 function

- other events

- constitutive DDR activation
- reduced telomere protection
- DAXX, ATRX, H3.3 mutations

telomere
elongation

> senescence/
apoptosis
? TALT
pre-
?
unlimited

proliferation

T-SCEs
ECTRs
heterogeneous
telomere length

into functional APBs.

Figure 6. Model for the development of ALT via multiple deregulation steps. The scheme depicts events that could lead to telomerase-independent
telomere elongation. A first step toward ALT could be the deregulation of the sumoylation/desumoylation equilibrium at telomeres. A combination

of additional aberrations such as the constitutive activation of the DNA damage response, reduced protection of telomeres, loss of p53 function,
mutations in DAXX, ATRX and in the histone variant H3.3, as well as other yet to be identified events are likely to be required for full ALT activity. As
discussed in the text, the term “ALT" represents different molecular pathways. What we refer to here as the canonical ALT mechanism is characterized
by the indicated features (APBs, ECTRs, T-SCEs, heterogeneous telomere length). Besides, other telomerase-independent mechanisms for telomere
maintenance exist that lack some or all of these characteristics (“non-canonical ALT”). We speculate that the deregulation of sumoylation at the telo-
meres could result in a cellular state termed “pre-ALT phenotype” that is still susceptible to senescence/apoptosis but displays abnormal accumula-
tions of PML protein at telomeres, the telomere-associated PML bodies (TPBs). Upon further (epi)genetic aberrations, these structures could transform

carry out repair processes at telomeres in a mechanism similar to
that in ALT-positive tumors, but that other yet unknown factors
repress ALT function. Large TPBs (> 0.9 pm) have also been
described in 92% of low-grade astrocytomas that lack both alter-
native lengthened telomeres and telomerase activity.” As ALT
is activated in higher-grade astrocytomas, the emergence of an
ALT phenotype was suggested to be associated with the progres-
sion from grade 1 to grade 2/3. Although direct evidence for the
progression from TPB-positive cells to ALT-positive tumors is
lacking, it is tempting to speculate that the appearance of TPBs
is a first step toward ALT initiation, i.e., represents a pre-ALT
phenotype (Fig. 6).”

Taken together, APBs are likely to emerge due to a deregu-
lation of a normal cellular process. A likely candidate is the
sumoylation pathway since de novo formation of PML-NBs was
reported to take place at telomeres in a SUMO-dependent man-
ner in both ALT and non-ALT cells.®*’* Furthermore, SUMO
enrichment at telomeres is sufficient to induce APB assembly
in ALT cells.®® Increased sumoylation could occur, for example
via enrichment of MMS21 at the telomeres or by inhibition or

270

Nucleus

downregulation of a counteracting desumoylation enzyme like
one of the SENP proteins.”

Fusions of mortal cells with ALT-positive cells loose ALT
activity, indicating that ALT requires loss of a normal function
that represses ALT activity.”® This is also the case for hybrids
between ALT and telomerase-positive cells.”®?” Although the
mechanism that represses ALT-mediated DNA replication and
recombination events at the telomeres in normal cells is still
unknown, it appears reasonable to assume that the repressive
function is not performed by a single factor. Thus, it seems
likely that a series of changes is necessary to initiate ALT (Fig.
6). The above considerations imply that TPB formation might
be one of these events. Yet, TPB formation alone does not seem
to be sufficient to trigger ALT activity suggesting that other
deregulation steps are necessary for ALT function. Likely can-
didates are DNA repair pathways, the telomeric chromatin
state and the integrity of the telomere-bound shelterin complex.
In this context p53 appears particularly interesting, since the
vast majority of ALT cell lines are impaired in the p53 path-
way, and there is evidence that mutations in the p53 gene are
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associated with ALT occurrence in glioblastoma.'*® The p53
protein is involved in the damage response to dysfunctional
telomeres and restoring functional p53 in ALT cells leads to
telomere DDR-induced cell cycle arrest and senescence.’*?*%
This finding suggests that activation of ALT requires loss of
normal p53 function.!”®®! In line with this view, it has been
proposed that reconstitution of p53 inhibits DNA synthesis
in ALT cells by suppression of telomeric recombination.'* In
ALT cells the DDR checkpoint kinase ATM was found to be
constitutively active and ALT-positive cell lines lacking wild-
type p53 show many telomeres with a DDR.”!% We conclude
that a permanently activated DDR is present in ALT cells but
without triggering growth arrest due to inactivation of p53.
However, the absence of functional p53 alone is not sufficient
for immortalization.'"!

Other potential events involved in the emergence of ALT
activity might be the loss of ATRX and DAXX and mutations
in the histone H3 variant H3.3.1°41% ATRX and DAXX are
known to interact with each other. Among other functions they
are required for the non-replicative incorporation of H3.3 at

telomeres.!°%

119 Moreover, they were suggested to facilitate het-
erochromatin assembly at repetitive G-rich regions, for instance
at telomeres.!”!!!% Interestingly, ALT activity was found to be
highly correlated with the simultaneous occurrence of muta-
tions in the 7P53, ATRX and H3F3A genes (encoding for
p53, ATRX and H3.3) in a recent genome analysis of pediat-
ric glioblastomas.!® It was shown that incorporation of mutant
H3.3 results in changes in the expression profiles, which could
facilitate ALT appearance.'” Furthermore, a model has been
proposed, in which loss of ATRX-DAXX function inhibits the
formation of heterochromatic features at the telomeres, possibly
as a result of reduced incorporation of H3.3.141% These changes
of the telomeric chromatin state could lead to increased homol-
ogous recombination associated with ALT activity. In addition,
ATRX seems to be responsible for repression of the telomeric
non-coding transcript TERRA, which displays elevated levels
in some ALT cell lines and tumors.!1%112

Disturbing the shelterin-mediated protection of telomeres
might be another factor that favors ALT initiation. The shelterin
complex binds telomeric DNA and participates in t-loop forma-
tion, which represses DDR and telomeric recombination.*'"
It has been demonstrated that in ALT-positive cells DDR can
be partly suppressed by TRF2 overexpression.'”® Furthermore,
some ALT-positive cell lines have low ratios of TRF2 to telo-
meric DNA, i.e., a relative deficiency of TRF2 at the telo-
meres.'”® The resulting reduced shelterin protection might favor
recombination events at the telomeres. Finally, a deregulated
sumoylation pathway might also decrease telomere protec-
tion. As discussed above, impaired sumoylation of the shelterin
components TRF1 and TRF2 was shown to inhibit APB for-
mation.”” As one putative sumoylation site of TRF2 is located
in the TRFH domain, which mediates TRF2-dimerization,
sumoylation of shelterin components could lead to their dis-
sociation from telomeres.””'" This supports the conclusion that
deregulation of the sumoylation-desumoylation equilibrium
predisposes for the emergence of an ALT phenotype.
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Different Alternative Telomere Lengthening
Mechanisms

As discussed above, different combinations of deregulation
events are presumably able to trigger ALT activity according
to the scheme depicted in Figure 6. Several findings support
the hypothesis that more than one mechanism for telomerase-
independent telomere elongation exists. There is the canoni-
cal ALT pathway displaying its characteristic features, namely
heterogeneous telomere length, ECTRs, APBs and T-SCEs.
Within this pathway two mutually non-exclusive mechanisms
for telomere elongation, the unequal T-SCE and the homologous
recombination dependent DNA synthesis, have been proposed.’®
Furthermore, it has been demonstrated that there are different
templates for recombination-mediated DNA replication of telo-
meres in ALT cells including the same telomere via t-loop forma-
tion, the telomere of a sister chromatid or the telomere of another
115116 T addition, linear or circular ECTRs could
serve as templates.””? The variety of possible templates can be

chromosome.

related to different mechanisms for telomere elongation such as
rolling circle amplification for circular forms of ECTRs or break-
induced replication for recombination between telomeres.'*!®4
These recombination/repair mechanisms might operate in paral-
lel. Thus, already within the canonical pathway there are several
possible molecular routes for telomere elongation.

In addition to the canonical ALT mechanism other telomer-
ase-independent telomere maintenance mechanisms exist. In a
few cases it was demonstrated that elongation of telomeres could
occur in telomerase-negative cells in the absence of one or more
of the canonical ALT features mentioned above.?**® For example,
one cell line was reported to lack APBs but featured all other
canonical ALT characteristics.””*® Remarkably, though lacking
APBs, this telomerase-negative SV40-immortalized fibroblast
cell line still showed nuclear aggregates of APB components at
telomeres. These aggregates contained the SV40 large T antigen
possibly formed via binding to the SV40 origin of replication
sequences integrated into telomeres of this cell line.”” Due to its
interaction with many proteins, the SV40 large T antigen appears
to be able to replace the function of sumoylated PML in this case.
Thus, although composition and structure might differ, nuclear
domains comprising telomeric DNA and proteins involved in
DNA processing seem to be important for telomerase-indepen-
dent telomere maintenance. Moreover, the presence of ECTRs
cannot always be correlated with ALT activity. Some ALT cell
lines lack ECTRs, and low levels of ECTRs were detected in
telomerase-positive and mortal cells.?*'3"7 ECTRs were also
reported to accumulate in a telomerase-positive cancer cell line
upon upregulation of telomerase activity where they might result
from trimming of overlengthened telomeres, most likely by reso-
lution of the t-loop."® Regarding the different classes of ECTRs,
the so-called C-circles appear to be the most robust marker for
ALT activity.” Another example for a “non-canonical” ALT
pathway is an immortalized ALT-derived human cell line that
maintains its telomeres in a telomerase-independent manner in
the absence of several canonical ALT features, namely APBs,
heterogeneous telomere length and ECTRs.? However, a T-SCE
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phenotype was observed and also C-circles were detected.”*

These reports indicate that more than one telomerase-negative
TMM exist, which is further supported by the analysis of tumor
samples and a cell line that lack both detectable telomerase activ-
ity and characteristics of the ALT pathway."120

In summary, the fact that APBs and other ALT markers are
not observed in some telomerase-negative tumors and cell lines
does not necessarily argue against their functional role in the
canonical ALT pathway. Rather it suggests that different alterna-
tive telomere lengthening mechanisms exist. It is therefore of cru-
cial importance to decipher the precise pathways and hallmarks
of these TMMs. Since canonical ALT features seem not to be
universal for ALT function, a systematic reassessment of known
ALT markers (and possible other TMM features) in terms of
their simultaneous presence would provide valuable information
in this respect. This is especially relevant for the identification of
the specific TMM that is active in a particular cell line or tumor,
as well as for the design of anti-cancer therapies targeting telo-
mere maintenance.

Identification and Targeting of APBs in Tumors

In addition to being a marker for ALT activity, APBs have a yet
hardly exploited potential for being used as a prognostic tumor
marker. This has been demonstrated for liposarcoma and neu-
roblastoma where the presence of APBs is associated with poor
1.87121:123 Tny addition, APBs might represent a novel ther-
apy target. Inhibition of telomere lengthening is an attractive

surviva

approach for preventing tumor growth since the shortening of
the chromosomal ends during further replication rounds might
finally result in induction of senescence. Moreover, the presence
of a TMM is specific to cancer and stem cells. Accordingly, these
drugs should have reduced side effects on healthy somatic cells.
Several approaches have been developed to inhibit telomerase
124-126 Some Of

them are currently tested in phase III clinical studies.’?” However,

activity in order to treat telomerase-positive tumors.

therapies that employ telomerase inhibitors might lead to a selec-
tive emergence of an ALT-positive cancer cell population, even
if the tumor initially was ALT-negative.'**'%° Furthermore, there

is evidence that both telomerase activity and ALT can coexist
in human cell lines.®®" Assuming that this also holds true for
tumors, anticancer drugs targeted against telomerase will be
hardly effective in these cases since ALT activity will still pro-
vide a telomere maintenance pathway. As discussed above, several
lines of evidence suggest that disruption of APBs would reduce
the proliferation potential of tumor cells that use the canonical
ALT mechanism. It is predicted that inhibiting a factor that is
able to initiate APB formation would result in telomere shorten-
ing and finally induction of senescence. One promising candi-
date would be the SUMO E3 ligase MMS21 that was shown
to be an efficient APB-inducing factor.®® The siRNA-mediated
knockdown of MMS21 disrupts APBs and induces senescence
in ALT—but not in telomerase-positive cells.’** Thus, develop-
ing therapeutic strategies that target MMS21 or other proteins
essential for APB formation and/or function could represent a
currently not exploited option for the specific treatment of ALT-
positive tumors.

Conclusion

Several lines of evidence indicate that APBs assemble in a SUMO-
SIM-interaction-dependent manner. They represent important
functional intermediates in the ALT pathway and can induce
telomere elongation in the absence of active telomerase (Fig. 5).
In addition to APB formation, several deregulation events that
influence cellular DNA damage response, telomeric chromatin
and possibly other factors are required in order to activate the
ALT pathway for extending the chromosomal ends (Fig. 6).
Depending on the combination of deregulating events occurring
in a given cell, different ALT-phenotypes are observed. The prev-
alent canonical ALT pathway involves APBs, ECTRs, T-SCEs
and a heterogeneous telomere length distribution. In contrast,
the less frequently observed non-canonical ALT pathways lack
at least one of these classical ALT hallmarks. Understanding the
aberrations that trigger a specific type of ALT activity and lead
to the formation of APBs, as well as further dissecting their func-
tions will be critical to identify markers for diagnosis as well as
potential drug targets for ALT-positive tumors.
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