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Definition
Anaphase bridges are DNA threads stretching between the two DNA masses as cells attempt to segregate them during
anaphase. Anaphase bridges arise from unresolved DNA intertwines between sister chromatids. Sister chromatid
intertwines (SCIs) naturally arise during DNA replication and represent a non-proteinaceous source of cohesion between
sister chromatids. SCIs and are mainly resolved in S phase, although some do persist and must be fully removed during
mitosis to allow faithful chromosome segregation and avoid the arising of DNA lesions and genome instability, a hallmark
of cancer development. As complete resolution of SCIs only occurs during chromosome segregation, it is not clear
whether intertwines that persist in mitosis are simply an unwanted leftover or whether they have a functional role.

1. Structure and Origin of Anaphase Bridges
Anaphase bridges originate from unresolved SCIs. DNA intertwines are usually classified based on their molecular
structure, which reflects their origin (Figure 1). Three types of intertwines are recognized, namely short regions of unreplicated DNA, recombination intermediates and DNA catenanes. Although certain DNA linkages are more commonly
retained at specific loci, since different types of linkages can form anaphase bridges at the same region, their position in
the genome is not sufficient to infer their molecular structure.

Figure 1. Three types of sister chromatid intertwines (SCIs) are observed during mitosis.Molecular structures
of late replication intermediates, joint molecules (here exemplified by a double Holliday junction) and
catenanes are shown. Genomic loci at which each type of SCI was observed are indicated in the schematic
chromosome. The consequence of persistent SCIs in mitosis – a.k.a. anaphase bridges – is shown in the
drawn cell.
Although the number of anaphase bridges increases in the presence of stress, such as treatment with replication
inhibitors or impairment of DNA repair pathways, DNA bridges are observed even in the absence of stressors and in
untransformed cells, especially at the centromeres in mammalian cells [1][2]. In addition, anaphase bridges also form when
cells attempt to segregate dicentric chromosomes that result from telomere-to-telomere fusion [3][4][5].

Anaphase bridges can be classified as either chromatin bridges or ultra-fine bridges (UFBs), based on whether or not the
DNA is chromatinized (i.e., packaged with histones and other proteins) and can be stained with DNA dyes like Hoechst.
In unperturbed conditions, chromatin bridges are rare and, in yeast, they are mostly attributed to unresolved
recombination intermediates [6]. On the other hand, UFBs can be observed in the majority of cells in anaphase, and they
are enriched at the centromere in human cells

[1][6].

The same kind of stressor can often induce formation of both types of

bridges (i.e., chromatinized and non-chromatinized), suggesting that both can arise from the same kind of DNA
intertwining. Currently, it is not clear what determines the chromatinized status of DNA bridges. Chromatin bridges may
evolve into UFBs, according to the stage of their resolution. Alternatively, the chromatinized status of a bridge may be
determined at the time of its formation. In the latter case, DNA chromatinization may depend on several factors, such as
the extent of intertwining or the timing of recognition during mitosis.

2. A Time to Bridge and a Time to Rupture
Persistent anaphase bridges, independently of the source, can cause gross chromosomal rearrangements, a hallmark of
cancer development. Chromosomal rearrangements are likely a consequence of DSBs that are formed when the bridge
eventually breaks. Indeed, it was recently shown that even one single unresolved bridge triggers a cascade of events that
result in increasing amounts of genome rearrangements
increased replicative stress

[7]

[5]

. Highly-proliferating cancer cells are known to be under

and, since replicative stress enhances anaphase bridges[2][6][8], it is reasonable to think

that these structures may arise in cancer cells with a higher frequency compared to normal conditions. If this scenario
was true, anaphase bridges, being both a consequence of replicative stress and a cause of genome instability, could be
considered a driver of tumor progression.
Several models have been proposed to explain how anaphase bridges drive genomic instability. The first model is the socalled breakage-fusion-bridge (BFB) cycle, described by Barbara McClintock [9]. According to this idea, DNA bridges that
are cleaved during cytokinesis are re-sealed in the daughter cells with other chromosome pieces, causing gross genome
rearrangements in the form of reciprocal exchanges of chromosome arms. The BFB model was recently extended by
Pellman and colleagues. In particular, they found that bridge rupture, in addition to causing the chromosomal aberrations
predicted by the BFB model, also leads to more complex rearrangements, namely chromothripsis [5]. Chromothripsis is
the shattering of one or a few chromosomes, followed by stitching of the fragments in a random order. Chromothripsis is
commonly observed starting from the second generation after bridge occurrence, and it is caused by abnormal replication
of the bridging DNA during mitosis [5]. In addition to BFB, Chan and colleagues proposed an alternative model for the
rupture of UFBs arising from recombination intermediates, called sister-chromatid rupture and bridging

[10]

. In this case, in

contrast to BFB, the cleavage occurs shortly after anaphase onset and is independent of cytokinesis. According to this
model, the intertwined sister chromatids break along the chromosome axis at the site where the bridge originates, while
the bridge itself remains intact. As a result, the two sister arms are fused through the bridge and are thereby inherited by
one of the two daughter cells. This mechanism is predicted to lead to specific chromosome rearrangements, including
whole-arm deletions and translocations.
How do anaphase bridges break? It seems reasonable to think that threads of uncompacted – or even unchromatinized
and single-stranded – DNA are fragile and can easily be broken by spindle elongation or by the actomyosin ring during
cytokinesis. Although the pulling force generated by the spindle is estimated to be far too weak to break mitotic
chromosomes [11], it could be sufficient to break a single DNA thread[12]. Therefore, spindle elongation may be able to
break anaphase bridges, especially if they contain ssDNA segments, such as the ones generated by the processing of
JMs and LRIs. Nevertheless, strong evidence of DNA linkages broken in this fashion in vivo is currently lacking. Instead,
there is evidence for cytokinesis being able to sever anaphase bridges. For example cytokinesis was proved to be
responsible for the breakage of chromatin bridges in Top2 and condensin yeast mutants [13][14].
In order to prevent the severe DNA damage caused by rupture of DNA threads during cell abscission, cells have evolved
a mechanism that delays cytokinesis in the presence of chromatin trapped on the site of cleavage. In yeast cells, this
mechanism is termed the NoCut checkpoint, and it requires the activity of Aurora B/Ipl1 at the spindle midzone

[15][16]

.

The NoCut is sensitive to SCIs coming from various sources, including replicative stress and lack of condensin or Top2
activity, but it fails to detect bridging from dicentric chromosomes [17]. Aurora B acts as a sensor for chromatin at the
cleavage plane and, in the presence of DNA bridges, inhibits completion of abscission and stabilizes the spindle [15][16][17].

The activation of the NoCut checkpoint could provide additional time for the removal of the bridges in anaphase, although
cells eventually divide if the bridge cannot be resolved.
In yeast, cytokinesis always leads to rupture of the anaphase bridges, likely because the yeast cell wall represents an
impenetrable barrier for DNA filaments. Conversely, in mammalian cells, cytokinesis in the presence of unresolved
bridges can have different outcomes, all of which can jeopardize genomic stability. First, as already mentioned, bridges
can be cleaved during abscission, causing DSBs [3]. The second option is furrow regression [18]. In this case, although
ingression of the cleavage furrow is initiated, cell division is never completed and results in tetraploidy, a condition that
can cause senescence/apoptosis or, in some cases, initiate genomic instability. Thirdly, a mechanism reminiscent of the
yeast NoCut checkpoint, called abscission checkpoint, can come into play (reviewed in

[19]).

Similar to the NoCut, the

abscission checkpoint relies on Aurora B at the cleavage site, acting as a sensor of chromatin and delaying abscission in
the presence of DNA bridges. Activation of this checkpoint triggers abscission failure and bridge stabilization, thus
preventing furrow regression and tetraploidization. In the case of abscission failure, after cytokinesis the daughter cells
remain linked by the intact DNA thread, but behave like separate identities

[18]

. Indeed, in human cells chromatin bridges

rarely break during anaphase spindle elongation and they are often retained until the next G1 [3][18][20]. However, even in
this case, the bridge eventually breaks and, while the nuclease TREX1 was suggested to participate in this process [3],
the main factor determining the rupture of the bridge seems to be the mechanical stretching imposed by the daughter
cells migrating away from each other [5]. Irrespective of the mechanism, once again the rupture of the bridge promotes
chromosomal rearrangements and chromothripsis [3][5].
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