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Abstract 

 

In order to proliferate indefinitely, cancer cells and immortalized cell lines maintain their telomeres 

with either telomerase or an alternative lengthening of telomeres (ALT) mechanism, which relies on 

homologous recombination-mediated extension of telomeres. One of the hallmarks of ALT is the 

presence of ALT-associated promyelocytic leukemia (PML) bodies (APBs). APBs are likely to function 

as a scaffold which brings telomeres and DNA repair and recombination factors together, and are 

therefore thought to play an important role in facilitating homologous recombination at telomeres. 

However, the molecular details of this mechanism are largely unknown. This review will focus on the 

formation and function of APBs, and the putative roles for chromatin state and two novel proteins 

(TAH1 and β-TrCP1) will be discussed. In addition, I will discuss some ideas about remaining questions 

and possible experiments. The mechanisms by which telomeres are maintained via ALT are 

complicated, but understanding the role of APBs is a major piece in the puzzle. Ultimately, unraveling 

these ALT mechanisms will be a huge step forward in the development of ALT-specific cancer 

therapies.  
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Introduction 

 

Eukaryotic DNA consists of linear chromosomes, the number of which varies greatly between species. 

However, the chromosome ends should not be recognized as double strand breaks (DSBs), since this 

could trigger a DNA damage response and activate DSB repair mechanisms, which would lead to 

chromosomal abnormalities and genomic instability. Therefore the chromosome ends are capped with 

structures called telomeres, consisting of arrays of telomeric repeats (5’-TTAGGG-3’ in humans) and 

telomere-binding proteins. Telomeres usually contain 3’ overhangs of the G-rich strand that can fold 

back and invade the DNA duplex, thereby forming a telomere loop (t-loop). These t-loops are stabilized 

by the shelterin complex, which consists of six proteins (TRF1, TRF2, POT1, RAP1, TIN2 and TPP1), and 

protect the telomeres.  

Because of the end-replication problem of the leading strand (Lingner et al., 1995), in combination with 

telomere end-resection, the chromosomes shorten by >100 nucleotides each replication round. Somatic 

cells usually lack sufficient countermeasures, and therefore have a limited number of cell divisions 

before the telomeres are so short that the cells enter the senescent state. This protects these cells from 

unlimited proliferation, which is the  case in cancer. Stem cells and germ cells, on the other hand, 

require a high proliferative potential and express telomerase, which is able to add telomeric repeats to 

the telomeres via reverse transcription of a RNA template.  

In most cancers, this telomerase expression is activated in order to facilitate unlimited proliferation of 

the cancer cells. However, in ~15% of cancers telomerase is not active and the telomeres are 

maintained via alternative lengthening of telomeres (ALT) mechanisms (Bryan et al., 1995). The 

occurrence of ALT in cancer is cancer-type specific, since some tissues are more susceptible to develop 

the ALT pathway than others. ALT is mainly found in sarcomas and astrocytomas (Hakin-Smith et al., 

2003; Ulaner et al., 2003). 

The ALT mechanism is based on recombination between telomeres (Lundblad and Blackburn, 1993; 

Dunham et al., 2000), although the precise mechanism remains largely unknown. Currently telomerase 

inhibitors are being developed as an anti-cancer therapy. However, telomerase extinction in established 

cancers activated ALT in a genetic mouse model (Hu  et al., 2012). Potentially a combined therapy of 

anti-telomerase and anti-ALT drugs would circumvent this problem, but the latter are not available yet. 

Therefore it is important to elucidate the ALT mechanism and to identify potential drug targets.  

The phenotypic hallmarks of ALT+ cells vary widely between tumors. However, some common features 

can be distinguished: (1) heterogeneous telomere length, (2) the presence of extrachromosomal linear 

and circular telomeric repeats (ECTRs), (3) post-replication telomere-sister chromatid exchanges (T-SCEs) 

and (4) ALT-associated promyelocytic leukemia (PML) bodies (APBs). These APBs can be distinguished 

from normal PMLs because they contain telomeric DNA. Even though APBs are not present in all ALT 

phenotypes, these structures seem to play an important role in the ALT mechanism. Disruption of APB 

formation in ALT cells leads to shorter telomeres and many ALT-associated proteins co-localize with 

APBs. This review will focus on the mechanism of APB formation, their function in ALT cells, as well as 

some factors whose roles in ALT were recently identified. I will speculate about a model of ALT in which 
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these new factors are included and discuss future steps to be taken in order to unravel APB assembly 

and function in ALT.  

Structure and assembly of APBs 
 

APBs are PML nuclear bodies that contain chromosomal and extrachromosomal telomeric DNA. PML 

bodies consist of proteins that form a hollow sphere with shell thickness 50-100 nm, independent of the 

total diameter of the PML bodies (0.2-1 um) (Lang et al., 2010). These protein structures form a scaffold 

for many nuclear activities, including sequestration and degradation of partner proteins, as has been 

reviewed by Lallemand and de Thé (2010). The shell of PML bodies consists of PML protein and SP100, 

which can both be post-translationally modified (sumoylated) by SUMO (small uniquitin-related 

modifier) via an ubiquitin-like pathway. PML protein and SP100 also contain SUMO-interacting motifs 

(SIMs) (Hecker et al., 2006), which can form non-covalent bonds with the SUMO modifications of 

adjacent PML and SP100 proteins and these intermolecular interactions give rise to a tight protein 

network. The sumoylation is crucial for PML body formation and maintenance, as demonstrated in 

multiple studies (Nacerddine et al., 2005; Potts and Yu, 2007). For example, sumoylation defective Ubc9
-

/-
 cell lines show disrupted PML body formation (Nacerddine et al., 2005). However, the exact 

mechanism by which the PML body assembly is coordinated remains to be elucidated.  

The question rises whether APB assembly is similar to the formation of normal PML bodies. Several 

hypothetical mechanisms have been reviewed by Chung et al. (2012), although they are not mutual 

exclusive: (1) fully assembled PML bodies could merge with telomeric DNA via stochastic collisions, as 

observed by Jegou and colleagues (2009), (2) the PML bodies could be directed to the telomeres via 

proteins that can bind to both the DNA and PML bodies (Fig.1B) and (3) APBs could assemble directly at 

the telomeres (Fig. 1A). In the latter case telomeres would function as nucleation sites for the 

accumulation of soluble PML protein, as has been observed by several time-lapse experiments (Brouwer 

et al., 2009; Jegou et al., 2009; Molenaar et al., 2003).  

The telomere-associated shelterin proteins TRF1 and TRF2 directly interact with PML protein (Brouwer 

2009) and therefore could serve as a bridge between telomeres and PML bodies, or as a starting point 

for nucleation of PML protein. The latter mechanism has been investigated by Chung et al. (2011). They 

integrated lacO arrays adjacent to three telomeres in the U2OS cell line, which is an ALT-positive cell 

line. These lacO repeats were targeted by a LacI-GBP (GFP binding protein) fusion protein and in this 

way any GFP-tagged protein could be recruited to the telomeres. They found that the artificial 

recruitment of either TRF1, TRF2, PML or SP100 at the telomeres induces de novo APB assembly (Chung 

et al., 2011). Like PML protein and SP100, TRF1 and TRF2 can be sumoylated by the SUMO E3 ligase 

MMS21 and this sumoylation is crucial for the formation of APBs (Shen et al., 2006; Potts and Yu., 2007). 

Interestingly, the artificial recruitment of an isolated SUMO domain to the telomeres was sufficient to 

initiate de novo APB formation (Chung et al. 2011). Taken together, these results support a model in 

which telomere-associated TRF1 and TRF2 recruit PML and SP100 via SUMO-SIM interactions and these 

proteins subsequently attract more PML and SP100, providing a positive feedback loop (Fig. 1A).  
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Table 1: Proteins that co-localize with APBs 

 Protein or complex Function SUMO* References** 

APB assembly 

 

PML protein Shell of PML body Yes Yaeger et al., 1999 

SP100 Shell of PML body Yes Yaeger et al., 1999 

Shelterin complex 

      (TRF1, TRF2, POT1, RAP1,  

        TIN2, TPP1) 

t-loop stabilization 

PML binding 

Yes Jiang et al., 2007 

Wu et al., 2003 

Yaeger et al., 1999 

MSC5/6 complex 

      (MSC5, MSC6, NSE1-6;  

         NSE2=MMS21) 

Sumoylation Yes Potts and Yu, 2007 

MRN complex  

       (Mre11, Rad50, NBS1) 

5’-end resection Yes 

(NBS1) 

Jiang et al., 2005 

Wu et al., 2003 

HP1 Chromatin compaction Yes Jiang et al., 2011 

TAH1 PML and telomere binding  Feng et al., 2013 

Chromatin remodeling 

 

ATRX/DAXX complex  H3.3 deposition Yes 

(DAXX) 

Chang et al., 2013 

H3.3 Chromatin condensation  Chang et al., 2013 

DNA repair and HR BLM complex DNA helicase Yes Ouyang et al., 2009 

Yankiwski et al., 2000 

WRN DNA helicase Yes Johnson et al., 2001 

Yaeger et al., 1999 

Zhu et al., 2000 

Kawabe et al., 2000 

Rad51, Rad52 and RPA DSB repair Yes Dou et al., 2010 

Sacher et al., 2006 

Yaeger et al., 1999 

Rad51D DSB repair  Tarsounas et al., 2004 

MUS81 Endonuclease    Zeng and Yang, 2009 

RAP1 and BRCA1 DSB repair Yes Wu et al., 2003 

ERCC1/XPF complex  3’-overhang removal from 

telomeres 

 Zhu et al., 2003 

 

Rad1, Rad9, Rad17 and HUS1 DNA clamp complex Yes Nabetani et al., 2004 

FANCD2 DNA damage response Yes Fan et al., 2009 

Yang et al., 2011 

Rif1 S-phase checkpoint  Silverman et al., 2004 

hnRNP A2 ssDNA binding Yes Ma et al., 2009 

Moran-Jones et al., 2005 

hRad21 Sister chromatid cohesion  Zhao et al., 2010 

*Protein contains sumoylation sites or SIM domains (or both) and participates in SUMO-SIM interactions, which stimulate the 

association with APBs. Only SUMO-SIM positive proteins are indicated and the other fields are left empty, since the possibility 

of sumoylation cannot be excluded for the other proteins. 

** References that demonstrate the association or co-localization of the protein with APBs, as well as references that confirm 

other information in the table. 

PML bodies are dynamic structures and SUMO-SIM interactions are reversible. Interestingly, Dellaire et 

al. (2006) found that PML bodies (and thus APBs) disassemble in metaphase and re-assemble in the 

interphase. This is in agreement with the fact that ALT is cell cycle dependent, since homologous 

recombination usually only takes place in the S/G2 interphase (Wu et al., 2000).  

After formation of the PML shell, APB partner proteins, like repair and recombination proteins (Table 1), 

are recruited to this scaffold (Chung et al., 2012). Interestingly, many of these proteins also contain SIMs 

and sumoylation sites, providing a firm interaction with the PML shell. The DNA repair and 

recombination proteins  subsequently stimulate homologous recombination between sister chromatids 

or extrachromosomal telomeric DNA (Fig.1). However, the proposed mechanisms by which telomeres 

are extended via recombination will not be discussed here, as they have been extensively reviewed by 

Cesare and Reddel (2010), McEachern and Haber (2006) and others.  
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Figure 1: Models of APB assembly and ALT-specific telomere elongation. A) PML nucleation model, as proposed by Chung et 

al. (2012), with TAH1 included. Sumoylation of shelterin factors (TRF1 and TRF2) by MMS21 stimulates the nucleation of PML 

and SP100 at the telomere via SUMO-SIM interactions, and TAH1 binding presumably promotes PML accumulation as well. 

Sumoylation of PML protein by MMS21 results in a positive feedback loop which attracts more PML and SP100, which 

ultimately leads to the formation of a PML shell at the telomere. The subsequent recruitment of DNA repair and recombination 

proteins facilitates telomere elongation via HR and DNA repair processes. B) PML body-recruitment model. TAH1 interacts with 

PML and telomeric DNA (dotted lines) and could thereby facilitate the recruitment of PML bodies to the telomeres (Feng et al., 

2013). TRF1, TRF2 and other proteins that bind PML as well as telomeres, could perform the same bridging function as TAH1. 

The putative function of β-TrCP1 as an inhibitor of TRF1 is indicated in the figure, although β-TrCP1 possibly stimulates APB 

formation (see text) (Wang et al., 2013). This figure is adapted from Chung et al., 2012.  

The mechanism of APB assembly described above was mainly based on one paper (Chung et al., 2011), 

in which the de novo assembly of APBs was induced by the artificial recruitment of several proteins to 

the telomeres. However, this does not necessarily mean that the nucleation of APB proteins at the 

telomeres is the main pathway for APB formation. Moreover, the exact mechanism by which the 

nucleated SP100 and PML proteins form an ordered shell remains unknown. In addition, many other 

factors are required for APB formation, like HP1 (Jiang et al., 2009), which could mean that 

heterochromatin stimulates APB formation. Recently two papers have been published about the role of 

TAH1 and β-TrCP1 as novel factors in APB formation (Feng et al., 2013; Wang et al., 2013), as will be 

discussed below. 

TAH1 could bridge PML bodies and telomeres 

TAH1 (telomere-associated homeobox-containing protein 1) is a homeobox-containing protein, 

previously known as HMBOX1. It was recently shown by Feng and colleagues (2013) that TAH1 was 

important for APB assembly in U2OS cells. TAH1 knockdown by RNAi significantly reduced the average 

number of APBs per cell, as shown in Figure 2. Moreover, this knockdown led to an increase in DNA 

damage response signals at the telomeres and to a reduction of C-circles, which are a hallmark of ALT. 



 

However, the TAH1 knockdown had no direct effect on t

on cell viability was not reported.

as well as to PML protein in PML bodies

assembled PML bodies, to the telomeres, and therefore function as a bridge between PML bodies and 

telomeres (Fig. 1). However, the localization of TAH1 to specifically ALT

been proven yet.  

Figure 2: TAH1 knockdown by shRNA reduces the number of APBs. 

and PML (green) localization in TAH1 knockdown cells. Co

body, thus an APB (arrowheads), while TRF2

negative control. B) The number of APBs were counted per cell

plotted. The blue line indicates the average

possibility that the reduction in APBs is due to a total reduction in PML bodies

calculated for each cell. The average APB/PML NB r

standard errors (n=3). ***, P<0.001. 

However, the TAH1 knockdown had no direct effect on the average telomere length and the influence 

on cell viability was not reported. Interestingly, it was found that TAH1 directly binds

in PML bodies. In this way TAH1 could recruit PML protein

to the telomeres, and therefore function as a bridge between PML bodies and 

However, the localization of TAH1 to specifically ALT-associated PML bodies has not 

reduces the number of APBs. A) Immunofluorescence images of endogenous TRF2 (red) 

and PML (green) localization in TAH1 knockdown cells. Co-localization of TRF2 and PML indicates a telomere

ile TRF2-free PML localization indicates normal PML bodies (arrows). shGFP was used as a 

The number of APBs were counted per cell and the percentage of cells with each number of APBs was 

plotted. The blue line indicates the average and n is the number of cells examined for each cell line. 

possibility that the reduction in APBs is due to a total reduction in PML bodies (PML NBs) per cell, the APB/PML 

The average APB/PML NB ratio for each cell line was then calculated and graphed. Error bars indicate 

7 

he average telomere length and the influence 

Interestingly, it was found that TAH1 directly binds to telomeric DNA, 

. In this way TAH1 could recruit PML protein, or even pre-

to the telomeres, and therefore function as a bridge between PML bodies and 

associated PML bodies has not 

 

Immunofluorescence images of endogenous TRF2 (red) 

localization of TRF2 and PML indicates a telomere-associated PML 

free PML localization indicates normal PML bodies (arrows). shGFP was used as a 

and the percentage of cells with each number of APBs was 

is the number of cells examined for each cell line. C) To control for the 

per cell, the APB/PML NB ratio was 

atio for each cell line was then calculated and graphed. Error bars indicate 
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β-TrCP1 stimulates APB formation 

As mentioned before, TRF1 is part of the shelterin complex and its artificial recruitment to a telomere 

initiates APB formation (Chung et al., 2011). It has been shown that TRF1 is essential for APB formation 

(Yu et al., 2010; Jiang et al., 2007). TRF1 abundance is regulated by several proteins, including Fbx4 (Lee  

et al., 2006; Zeng et al., 2010) and RLIM (Her and Chung, 2009). Very recently, a novel protein, β-TrCP1, 

has been identified to bind and ubiquitinate TRF1, which subsequently caused its degradation (Wang et 

al., 2013). Interestingly, in the same paper β-TrCP1 overexpression stimulated APB formation, while its 

depletion by RNAi decreased the percentage of APB-positive cells. This is shown in Figure 3 where co-

localization of GFP-labeled TRF1 and immunostained PML protein indicated telomere-associated APBs. 

The number of APBs per cell might also be increased upon β-TrCP1 overexpression, but this was not 

graphed in the figure. 

The simultaneous TRF1 decrease and APB increase upon β-TrCP1 overexpression seems paradoxical 

since TRF1 is required for APB formation. One explanation could be that only telomere-unbound TRF1 is 

degraded by β-TrCP1, as proposed by Wang et al. (2013). In addition, β-TrCP1 promotes degradation of 

Mdm2 (Inuzuka et al., 2010; Wang et al., 2012), which is a protein that binds the PML isoform PML3 and 

promotes its nuclear exclusion (Wei et al., 2003). PML3 interacts with TRF1 and thereby recruits 

telomeres to APBs. Wang et al. proposed that the degradation of Mdm2 by β-TrCP1 decreased the 

interaction of PML3 with Mdm2, while the association of TRF1 with PML3 was increased by β-TrCP1. 

However, β-TrCP1 is an E3 ligase with many targets and it remains to be tested whether β-TrCP1 could 

have a totally different function in APB formation, independent of TRF1. For example, one could 

investigate whether β-TrCP1/TRF1 interactions are required for the effect of β-TrCP1 on APB formation. 

Taken together, β-TrCP1 seems to stimulate APB formation but the mechanism remains to be 

investigated.  

APB function 
 

APBs function as a scaffold for recombination and DNA repair proteins. 

Although APBs are present in most ALT cell lines and ALT cancers, the precise function of these 

structures is still under debate.  Some studies suggest that APBs are not associated with the telomere 

elongation process (Jiang et al., 2009, 2011), while others report a shortening of telomeres when APB 

formation is impaired (Potts and Yu, 2007; Jiang et al., 2005). In favor of the latter, growing evidence is 

supporting the view that APBs are actively promoting telomere elongation by recruiting proteins which 

are involved in DNA recombination, repair and synthesis, and by providing telomeric templates for DNA 

recombination (Chung et al., 2011). Extrachromosomal telomeric DNA (ECTRs) as well as telomeres from 

other chromosomes could function as such templates, since ECTRs are accumulated in APBs (Cesare et 

al., 2004; Ogino et al., 1998; Tokutake et al., 1998; Draskovic et al., 2009) and the clustering of multiple 

telomeres within one APB has been observed (Molenaar et al., 2003). 
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Figure 3: β-TrCP1 promotes APB formation or maintenance. A) Overexpression of β-TrCP1 increases the fraction of APB-

positive cells. Flag-β-TrCP1 (or Flag-vector as a control) was co-transfected with GFP-TRF1 into U2OS cells and, 24 h post 

transfection, cells were stained with PML antibody. Co-localization of TRF1 and PML indicates an APB (arrows). 120 cells from 

three independent experiments were analyzed and the percentage of APB-positive cells was plotted in the right panel. B) 

Knockdown of β-TrCP1 by siRNA reduces the fraction of APB-positive cells. β-TrCP1 siRNA (or scramble siRNA as a control) was 

co-transfected with GFP-TRF1 and cells were stained with PML antibody 48 h post transfection. C) To exclude the possibility 

that the number of APBs was reduced because of changes in the protein expression of TRF1, the experiment in (B) was 

repeated without GFP-TRF1, but instead cells were stained with TRF2 antibody (and PML antibody) 48 h post transfection. This 

figure is copied from Wang et al., 2013. 
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Several DNA replication and recombination proteins have been observed to be associated with APBs, as 

listed in Table 1. One important complex for APB function is the MRN complex, consisting of Mre11, 

Rad50 and NBS1. The MRN complex is involved in DNA repair as it mediates 5’-end resection of double-

strand breaks (DSBs), resulting in 3’ overhangs which are able to initiate HR by strand invasion (Falck et 

al., 2012). It has previously been shown that NBS1 is required for the assembly of functional APBs (Wu et 

al., 2003). In addition, sequestration of the MRN complex from APBs, by the overexpression of SP100, 

suppressed ALT-mediated telomere lengthening (Jiang et al., 2005). Some of the other proteins are 

important for APB function as well (see references in Table 1), but I will not discuss them here,. 

Chromatin decondensation required for APB function 

APBs probably play an important role in ALT by stimulating recombination at the telomeres, but the 

introduction of APBs in itself is presumably not sufficient to initiate ALT-mediated cell survival. In a 

search for ALT-stimulating mutations, Lovejoy et al. (2012) recently screened 22 human ALT cell lines 

and found mutations in the ATRX gene in about 90% of the cases, indicating that loss of ATRX function is 

a major step in generating the ALT phenotype. In addition, a recent study by Abedalthagafi et al. (2013) 

revealed that ~80% of ALT-associated astrocytomas were ATRX-negative. ATRX is part of the ATRX/DAXX 

chromatin remodeling complex, which mediates chromatin condensation by depositing histone variant 

H3.3 at the telomeric DNA (Drane et al., 2010; Lewis et al., 2010; Goldberg et al., 2010) in order to 

repress telomeric recombination (Garcia-Cao et al., 2004; Gonzalo et al., 2006). Loss of ATRX/DAXX 

function results in an increase in telomeric transcription, indicating a more open (decondensed) 

chromatin state (Lovejoy et al., 2012).  

Interestingly, ATRX/DAXX and H3.3 have recently been found to localize to telomeric PML bodies in 

mouse embryonic stem (ES) cells (Chang et al., 2013). These PML bodies, which are not ALT-associated 

and therefore should not be called APBs, are important for telomeric chromatin integrity by maintaining 

a unique ‘less heterochromatic’ state. Loss of ATRX in these cells results in increased levels of repressive 

chromatin marks, including H3K9me3 (H3 Lys9 trimethylation) and H4K20me3 (H4 Lys20 trimethylation) 

at the telomeres (Chang et al., 2013). This seems contradictory to the result in ALT cells, where a less 

condensed chromatin state was observed upon loss of ATRX (Lovejoy et al., 2012).  

One explanation could be that the function of ATRX and H3.3 is different in ES cells than in somatic ALT 

cells. In ES cells H3.3 is associated with active chromatin, whereas a decrease in H3.3 in ALT cells 

increases transcription, indicating that H3.3 is repressive. The telomeric chromatin in ES cells is unique in 

the sense that it is more open than normal heterochromatin, but more condensed than the 

recombination-sensitive telomeric euchromatin found in ALT cells (Marion et al., 2009). Therefore I 

speculate that additional mutations in ALT cells are required to prevent methyltransferases from 

methylating the telomeres upon ATRX loss.  

In general the link between ATRX/DAXX, chromatin state and PML bodies in ES cells could indicate a link 

with ALT-associated PML bodies as well. I propose that APBs are not functional when ATRX and DAXX 

are still associated to them and depositing H3.3 at the telomeres, which protects the chromatin from 

recombination. However, it is not clear whether the remaining ALT cell lines (~10%) and astrocytomas 

(~20%) that do not have ATRX/DAXX mutations contain functional APBs.  
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ALT in telomerase-positive and somatic cells 

 

It may seem logical, but loss of telomerase is also required for ALT. Interestingly, this is not just because 

ALT is defined as telomerase-independent telomere lengthening, but because of a phenomenon called 

telomerase repression of ALT. When telomerase is introduced in an ALT cell line, the number of APBs 

and other ALT features is reduced (Perrem et al., 2001; Plantinga et al., 2013). This indicates that these 

two telomere maintenance mechanisms are mutually exclusive. The reason why telomerase inhibits ALT 

in most of the cases remains unknown. Solving this question would probably help understand the ALT 

mechanisms in general and would possibly lead to ALT-suppressing drugs. However, some exceptions 

exist in which both pathways are active (Cerone et al., 2001; Perrem et al., 2001). Recently it has been 

found by Dlaska et al. (2013) that inter-telomeric recombination is present in telomerase-positive 

human cells, with the same frequency as in ALT, thanks to a new sensitive reporter system to measure 

inter-telomeric recombination. However, the factors that increase telomere length are different in ALT 

and telomerase-positive cells.  

Similar to the finding that ALT is not exclusively present in telomerase-negative cells, ALT is also not 

restricted to cancer and ALT cell lines. In a recent article, Neumann et al. (2013) reported that ALT was 

present in normal mammalian somatic cells. They incorporated a marker sequence into one of the 

telomeres and measured that this marker was copied to other telomeres, indicating a mechanism that 

involves homologous recombination. However, the authors did not mention whether other ALT features 

were present, like APBs. I would expect that APBs were indeed not present in these somatic cells, since 

these structures are specific for ‘up-regulated’ ALT. This raises the question when telomeric 

recombination should be called ALT. Originally, ALT was defined in the context of indefinite proliferation 

in the absence of telomerase, but I propose that all telomeric recombination could be called ALT if 

research would reveal that it occurs via similar mechanisms. Neumann et al. proposed the interesting 

thought that telomerase as well as ‘ALT’ are present at low levels in normal somatic cells, not enough to 

prevent telomere shortening, and that either of these mechanisms is up-regulated in cancer and 

immortal cell lines (Neumann et al., 2013). Further research should reveal whether the low-rate 

telomeric recombination indeed occurs via a canonical ALT mechanism, which is simply up-regulated in 

cancer cells.  

Future directions 

 

Although recent studies have given more insight into the formation of APBs and their function in ALT, 

many questions are still open. Regarding the assembly of telomere-associated PML bodies, the 

formation of the PML shell seems to be a self-assembling process, which occurs spontaneously after 

initiation (Chung et al., 2011). If the PML assembly is indeed spontaneous and no other factors are 

required, one would expect that APBs could be formed in a cell-free test tube, when telomeres 

(including telomere-binding proteins) and PML proteins are mixed and APB assembly is initiated by the 

recruitment of PML to the telomeres. The same experiment could be repeated with APB-stimulating 
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proteins included. In this way one could determine whether APB assembly is self-sufficient or that more 

factors are required. 

The model proposed by Chung et al. (2011, 2012) that APBs emerge by nucleation of PML protein at the 

telomeres is not yet widely accepted. Instead, recent papers still reason from the model that fully 

assembled PML bodies associate with telomeres to form APBs, with the help of ‘bridging’ proteins like 

TAH1 (Feng et al., 2013). Further research is required to determine whether these two models are 

mutually exclusive. 

One technical problem in studying APBs and other PML bodies is that these structures are very dynamic 

(Molenaar et al., 2003), with high exchange rates of their components, as measured by photobleaching 

experiments (Weidtkamp-Peters et al., 2008). The PML shell and associated proteins are stabilized by 

non-covalent SUMO-SIM interactions and therefore it is impossible to precipitate or pull down these 

structures as a whole. It would be helpful to cross-link the APBs to their associated proteins before 

precipitation, but this has not yet been done, probably because it is technically challenging. Therefore 

microscopic co-localization of labeled PML bodies, telomeres and other associated proteins is one of the 

few techniques available to study APBs. With this technique, TAH1 and β-TrCP have recently been 

identified to be involved in APB assembly and function. In the future, this method might reveal more 

factors that are yet unknown.  

Although APB-associated proteins cannot be pulled down yet, telomere-associated proteins can.  In 

2009, Dejardin and Kingston developed a technique called Proteomics of Isolated Chromatin segments 

(PICh), to isolate genomic DNA with its associated protein. They used this technique to isolate telomeric 

chromatin and identified a large number of novel ALT-specific associations. One of these novel proteins, 

TAH1, was studied by Feng et al. (2013), but the functions many others remain to be characterized. In 

future, these studies could reveal novel proteins that are important for APB formation and function.  

Another interesting question is about the role of the chromatin state on APB assembly. It has been 

demonstrated by Jung et al. (2013) that artificial decondensation of the chromatin leads to a stronger 

ALT phenotype and more APBs. The authors suggested that chromatin relaxation facilitates telomere 

assembly at PML bodies, but the precise mechanism by which this occurs remains to be elucidated. 

Similarly, ATRX/DAXX mutations are present in most of ALT cell lines, which probably leads to chromatin 

decondensation (Lovejoy et al., 2012). The importance of the chromatin state, as well as the role of the 

ATRX/DAXX complex in ALT, could be examined by the re-introduction of ATRX/DAXX in ALT cell lines. If 

the number of APBs is reduced by ATRX/DAXX, the link between ARTX/DAXX, chromatin state and APBs 

would be confirmed. Still more research is required to reveal why a decondensed chromatin structure 

would stimulate APB formation and telomere lengthening. 

In general APB assembly and function is very complicated. Gradually more and more proteins are being 

identified and their precise function will be elucidated. Ultimately this should lead to a complete model 

of the complex mechanism of APB function, in order to target ALT in cancer cells but not normal PML 

bodies in somatic cells. In the future, these insights could be of major importance in the development 

new anti-cancer therapies. 



13 

 

Concluding remarks 

 

At present, the ALT-field is moving and recent studies confirm the importance of APBs for alternative 

telomere lengthening. APBs are dynamic protein structures that form a scaffold for DNA replication, 

repair and recombination proteins and are associated to telomeres. In this way homologous 

recombination between telomeres is facilitated, which extends the telomeres and enables the cells to 

proliferate indefinitely. Cancer cells which use this ALT mechanism could be treated by targeting 

proteins that are required for ALT, like PML, recombination factors and possibly the novel proteins TAH1 

and β-TrCP1. However, the precise mechanism by which all APB-associated proteins work together 

remains to be elucidated. Further research is required to solve this complicated but intriguing puzzle.  
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