
Chromosome Structure:
Centromeres

John Maciejowski
RRL-1101D

maciejoj@mskcc.org

mailto:maciejoj@mskcc.org


Centromeres are the chromosomal sites of kinetochore assembly

Centromeres

Telomeres

What defines centromere identity?
Epigenetically defined via specialized histone H3 variant named CENP-A

What is the function of the centromere?
Region of a chromosome where the kinetochore is assembled during mitosis

What are the consequences of centromere instability?
Aneuploidy, structural rearrangements, innate immune activation



Time-lapse movie of mitosis in African blood lily



Modern approaches to imaging mitosis

Normal Division Lagging Chromosome Multipolar Division



Aneuploidy is a common feature of cancer

• abnormal number of chromosomes
• common cause of genetic disorders
• >70% of human solid tumors are aneuploid
• caused by errors in cell division

Aneuploidy



Visualization of the centromere

Cyril Darlington (1936): “[the centromere must] be 
considered in terms of function rather than form, since 
the function is evident and the form elusive”

Centromere function was apparent early on



Proteins associated with centromeres are conserved, but DNA sequences are 
dissimilar - not only among organisms, but often within the same organism

α-satellite DNA composed of 171 bp 
monomers

Monomers differ by up to 40%

Repeats can span megabases

α-satellite DNA makes up 3-5% of human 
genome

Centromeric DNA



Is α-satellite DNA important for human centromere function?



Minichromosomes define α-satellite as the functional human 
centromere

HOR α-satellite DNA is a preferred substrate for de novo centromere assembly



α-satellite DNA is not necessary or sufficient for centromere formation

Centromeres can be inactivated 
without changes to the underlying 
DNA sequence.

Neocentromeres can also form in the 
absence of α-satellite repeats.

Evidence for the epigenetic nature of the centromere

Neocentromeres recruit all known 
centromere associated proteins,
including CENP-A



Centromeres are specified epigenetically



CREST syndrome patients have anti-centromere antibodies

CREST syndrome: scleroderma spectrum 
disease

First evidence of centromere-specific proteins

CENP-A, CENP-B, & CENP-C are recognized 
by sera from CREST patients

CENP-A and CENP-C localize to the inner 
kinetochore

CENP-B is a α-satellite DNA binding protein



CENP-A is an epigenetic hallmark of centromeres

CENP-A exhibits biochemical similarity to Histone H3
CENP-A is essential for the localization of all known kinetochore 
components

CENP-A is found at all neocentromeres

How to determine if CENP-A is sufficient to generate structures
capable of directing microtubule attachment &

chromosome segregation?

CENP-A directly interacts with CENP-C and CENP-N

CENP-A-H4 tetramers are more conformationally rigid that H3-H4 
tetramers



How to determine if CENP-A is sufficient to generate structures
capable of directing microtubule attachment &

chromosome segregation?



Ectopic CENP-A targeting generates microtubule attachment site



Ectopic CENP-A targeting generates microtubule attachment site



How are centromeres faithfully inherited at a single site 
On each chromosome?



Centromere-specific assembly of CENP-A nucleosomes 
is mediated by HJURP



HJURP directly binds CENP-A/Histone H4



Loss of CENP-A Recruitment in HJURP-depleted cells



CENP-A builds the kinetochore by recruiting the CCAN complex



Kinetochores direct chromosome segregation during mitosis

Images of mitotic Salamander cells hand-drawn by 
Walther Flemming in 1882.

Human mitotic cell imaged a few years ago
DNA- blue
Centromeres- red
Microtubules - green

Kinetochores direct chromosome segregation during mitosis



Protein complex that assembles on 
centromeric DNA

Microtubule attachment site

The kinetochore directs chromosome segregation

>100 unique components assemble 
in < 20 minutes



Kinetochores associate with depolymerizing microtubules



The spindle assembly checkpoint protects against aneuploidy



Aurora B regulates kinetochore-microtubule attachments

Why destabilize a tensionless kinetochore-microtubule attachment?



Centromeres

Telomeres

Chromosomal instability in cancer



Pathways to the generation of aneuploidyPathways to aneuploidy



Dicentric chromosome segregation generates DNA bridges



Maciejowski & de Lange, 2017 (PMID: 28096526); Li et al, 2014 (PMID: 24670643)

Telomere dysfunction can promote gene amplification & HSR formation

Dicentric chromosomes
Abnormal chromosomes with 
two centromeres that can 
result from telomere–telomere 
fusion.

Because the increased telomere length is present at 
birth, these mutations are likely to push the onset of 
senescence to later population doublings, thus post-
poning the tumour-suppressive effects of telomere 
attrition to a point of irrelevance. However, whether 
the diminished POT1 function also promotes genome 
instability is currently unknown64.

Another observation in support of the telomere 
tumour suppressor pathway is that longer telomere 
length has been associated with an increased risk of 
B cell lymphoma and chronic lymphocytic leukaemia 
(CLL)65–67. In a recent study, single-nucleotide poly-
morphisms in telomere maintenance genes that are 
associated with telomere length68,69 were examined to 
determine the cancer risk of 95,568 individuals from 
the general population70. This analysis found that genetic 
determinants of long telomeres are associated with an 
increased overall cancer risk, especially lung cancer 
and melanoma. Collectively, these data are consist-
ent with telomere shortening functioning as a tumour 
suppressor pathway.

Telomere crisis and genome instability
Although the telomere tumour suppressor pathway may 
be a powerful mechanism to limit cancer development, 
failure of transformed cells to undergo senescence can 
produce telomere crisis, during which the cell popula-
tion does not expand. In telomere crisis, cells struggle 
with a high level of genome instability owing to the 
presence of many dysfunctional telomeres. Activation 
of telo merase provides a path out of telomere crisis, 
 ultimately leading to the formation of a cancer clone 
with a heavily rearranged genome (FIG. 3).

Continued growth past the senescence barrier can 
occur in cells that lack the p53 and RB tumour sup-
pressor pathways, rendering their cell cycle transitions 
impervious to inhibition through ATM and ATR sig-
nalling. Continued telomere shortening eventually 
leads to cells with numerous dysfunctional telomeres, 
thereby increasing the chance that one dysfunctional 
telomere becomes fused to another. Consequently, 
cells in telomere crisis have end-to-end fused dicentric 
chromo somes, which lead to mitotic mis-segregation 
and genomic instability. Cells in telomere crisis undergo 
frequent cell death. A common assumption is that this 
loss of viability is driven by chromosome breakage and 
mis-segregation, although it may also involve additional 
telomere deprotection during an extended mitotic arrest 
that occurs in some of the cells71,72.

Mammalian cells can use two types of end-joining 
pathways to repair DSBs: classical NHEJ (c-NHEJ) and 
alternative NHEJ (alt-NHEJ)73,74. c-NHEJ relies on the 
Ku70–Ku80 heterodimer and DNA ligase 4 and can 
either be accurate or result in small deletions. By con-
trast, alt-NHEJ, which is mediated by poly(ADP- ribose) 
polymerase 1 (PARP1) and DNA ligase 3,  creates inser-
tions and more extensive deletions. Telomere fusions 
formed during telomere crisis in cultured cells are 
 mediated by alt-NHEJ and exhibit insertion of new 
sequences at the fusion point75,76. Similarly, alt-NHEJ has 
been implicated in telomere fusion in human  cancer77,78 
and in telomere fusions in mouse models79. By con-
trast, when telomeres are compromised through the 
loss of TRF2, their repair is carried out by c-NHEJ80–82. 
The  reason for this  difference is not yet clear.

Genome instability in cells undergoing telomere 
crisis was initially found to give rise to chromosome 
gains and losses (aneuploidy), translocations, gene 
loss (manifested as loss of heterozygosity (LOH)) and 
regional amplification through breakage–fusion–bridge 
(BFB) cycles1,80,83. However, it has recently become 
clear that the repertoire of genomic alterations that can 
be ascribed to telomere crisis is more extensive and 
includes  whole-genome reduplication, chromothripsis 
and kataegis3,8,9.

BFB cycles and their associated chromosomal 
 rearrangements. BFB cycles, first observed more than 
half a century ago by Barbara McClintock84, can occur 
when dicentric chromosomes (including those formed 
by telomere fusion) break, followed by a second fusion of 
the broken ends in the daughter cell85 (FIG. 4a). Telomere 
fusions can occur between different chromosomes 
or between sister chromatids after DNA replication, 
thus leading to different outcomes86. Collectively, BFB 
cycles can lead to three outcomes that are pertinent 
to cancer: LOH, non-reciprocal translocations and 
gene amplification.

LOH, which is frequent at cancer-relevant loci, can 
occur when a dicentric chromosome breaks and one 
of the daughter cells inherits a chromosome with a ter-
minal deletion (FIG. 4b). Non-reciprocal translocations 
could arise when the DNA end of a broken chromo-
some invades another chromosome and  copies part 
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Figure 3 | Telomere crisis. Loss of the RB and p53 tumour suppressor pathways disables 
the ability of cells to respond with cell cycle arrest to ATR and ATM signalling. As the cells 
continue to divide, their telomeres continue to shorten. Once many telomeres become 
too short to function, the unprotected chromosome ends generate end­to­end fusions 
and dicentric chromosomes, leading to many forms of genome instability. Ultimately, 
telomerase reactivation provides a route out of telomere crisis by healing critically 
shortened telomeres and improving genomic stability, thereby increasing cell viability. 
The resulting tumour will have active telomerase and a heavily rearranged genome.
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Break-induced replication
An origin of replication-
independent replication restart 
that is initiated by the invasion 
of resected DNA into 
homologous sequences.

Micronuclei
Abnormal, small nuclei 
containing one or more 
chromosome (fragments); 
often formed as a result 
of mitotic chromosome 
segregation defects.

Lamin
An intermediate filament 
protein that imparts structural 
rigidity to the nucleus by 
assembling into a meshwork 
at the inner nuclear membrane.

of this chromosome through a process called break- 
induced replication87,88. Non-reciprocal trans locations 
occur during tumorigenesis in mice with shortening 
telomeres1 and are a frequent class of rearrange ments 
in cancer89. Sequence analysis of more than 1,000 telo-
mere fusion events has shown that a chromo some end 
lacking telomere protection can  recombine with diverse 
chromosome-internal loci90.

Gene amplification can result when the telomere 
fusion event involves sister chromatids, thus creating 
a large palindrome (FIG. 4b). Subsequent asymmetric 

breakage of such an isochromosome and multiple BFB 
cycles can then generate amplicons that are organized 
in inverted repeats91. BFB cycles have been demon-
strated to initiate gene amplification in human cancer 
cells and in hamster cells92–94. Moreover, the inverted 
amplicon arrangements that are typical of BFB cycles 
have been observed in many cancer types, including 
pancreatic cancer, oesophageal cancer, breast cancer 
and leukaemias91,95–98.

Chromothripsis. Recently, chromothripsis was shown 
to be one of the outcomes of experimentally induced 
telomere crisis. Chromothripsis is a mutagenic process 
whereby one or more chromosomal regions undergo 
catastrophic shattering in a single event, followed by 
an apparently haphazard repair of the DNA fragments. 
This process results in genomes in which one or few 
chromosome segments are affected by tens to hundreds 
of genomic rearrangements99. Chromothripsis has been 
observed in diverse tumour types, especially those with 
p53 loss100,101, and several studies have noted an associ-
ation between BFB cycles and chromothripsis91,98,102. 
Consistent with these associations, chromothripsis was 
demonstrated to be the result of telomere crisis induced 
by the inactivation of the shelterin subunit TRF2 in 
p53-deficient and RB-deficient epithelial cells3. This 
study used live-cell imaging to determine the fate of 
dicentric chromosomes formed during telomere crisis 
and showed that dicentric chromosomes do not break 
during mitosis. This finding was in agreement with 
work in yeast cells and a subsequent analysis in human 
cells3,103,104 (FIG. 5a). These dicentric chromosomes invari-
ably persist through mitosis and form long chromatin 
bridges that connect the daughter cells well into the next 
G1 phase3. These chromatin bridges contain a nuclear 
envelope that is contiguous with the nuclear envelop of 
the connected nuclei. However, when chromatin bridges 
are formed, there is frequent rupture of the nuclear envel-
ope of the connected nuclei, resulting in mixing of the 
nuclear and cytoplasmic contents. Spontaneous nuclear 
envelope rupture has been observed in cancer cell lines 
and is frequent in micronuclei105,106. It is not clear how 
chromatin bridges induce nuclear envelope rupturing, 
but lamin depletion from the nuclear envelope may have a 
role as lamin B1 overexpression suppressed the ruptures, 
and lamin depletion can promote envelope rupture in 
cancer cell lines3,105. A second source of nuclear envelope 
rupture may be the deformation of the two nuclei con-
nected by the stretching chromatin bridge. The dicentric 
chromosome in the bridge seems to exert pulling forces 
on the nuclear envelope, perhaps because it is attached to 
the nuclear lamins107. In support of this view, two recent 
studies have shown that cell migration through tight 
constrictions induces nuclear envelope rupture in the 
squeezed nuclei108,109.

After persisting for many hours, the chromatin 
bridges are resolved by 3ʹ repair exonuclease 1 (TREX1) 
(FIG.  5b), a highly abundant and widely expressed 
3ʹ exonuclease that degrades DNA species in the cyto-
plasm110–113. TREX1 seems to gain access to the chroma-
tin bridge during nuclear envelope rupture3. The enzyme 
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Figure 4 | BFB cycles and chromosomal rearrangements 
during telomere crisis. a | Breakage–fusion–bridge (BFB) 
cycles can occur when telomere fusion generates a dicentric 
chromosome. During anaphase, the mitotic spindle pulls this 
dicentric chromosome towards opposite spindle poles, 
thereby generating the widely observed anaphase bridges. 
During cell division, the dicentric chromosome undergoes 
breakage and the broken ends fuse again, giving rise to 
another dicentric chromosome. b | BFB cycles can be 
interrupted by telomerase­mediated telomere healing. 
If this process occurs following breakage, it can result in the 
formation of a terminal chromosome deletion and loss of 
heterozygosity (LOH). Alternatively, broken chromosomes 
can be repaired by break­induced replication, yielding a 
non-reciprocal translocation. Repeated cycles of BFB that 
occur between sister chromatids can result in regional 
amplification and the generation of a homogeneously 
staining region (HSR) following chromosome staining. 
This HSR consists of multiple amplicons of inverted repeats. 
Excision of the amplified sequences out of the chromosome 
will generate circular double­minute chromosomes.
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An origin of replication-
independent replication restart 
that is initiated by the invasion 
of resected DNA into 
homologous sequences.

Micronuclei
Abnormal, small nuclei 
containing one or more 
chromosome (fragments); 
often formed as a result 
of mitotic chromosome 
segregation defects.

Lamin
An intermediate filament 
protein that imparts structural 
rigidity to the nucleus by 
assembling into a meshwork 
at the inner nuclear membrane.

of this chromosome through a process called break- 
induced replication87,88. Non-reciprocal trans locations 
occur during tumorigenesis in mice with shortening 
telomeres1 and are a frequent class of rearrange ments 
in cancer89. Sequence analysis of more than 1,000 telo-
mere fusion events has shown that a chromo some end 
lacking telomere protection can  recombine with diverse 
chromosome-internal loci90.

Gene amplification can result when the telomere 
fusion event involves sister chromatids, thus creating 
a large palindrome (FIG. 4b). Subsequent asymmetric 

breakage of such an isochromosome and multiple BFB 
cycles can then generate amplicons that are organized 
in inverted repeats91. BFB cycles have been demon-
strated to initiate gene amplification in human cancer 
cells and in hamster cells92–94. Moreover, the inverted 
amplicon arrangements that are typical of BFB cycles 
have been observed in many cancer types, including 
pancreatic cancer, oesophageal cancer, breast cancer 
and leukaemias91,95–98.

Chromothripsis. Recently, chromothripsis was shown 
to be one of the outcomes of experimentally induced 
telomere crisis. Chromothripsis is a mutagenic process 
whereby one or more chromosomal regions undergo 
catastrophic shattering in a single event, followed by 
an apparently haphazard repair of the DNA fragments. 
This process results in genomes in which one or few 
chromosome segments are affected by tens to hundreds 
of genomic rearrangements99. Chromothripsis has been 
observed in diverse tumour types, especially those with 
p53 loss100,101, and several studies have noted an associ-
ation between BFB cycles and chromothripsis91,98,102. 
Consistent with these associations, chromothripsis was 
demonstrated to be the result of telomere crisis induced 
by the inactivation of the shelterin subunit TRF2 in 
p53-deficient and RB-deficient epithelial cells3. This 
study used live-cell imaging to determine the fate of 
dicentric chromosomes formed during telomere crisis 
and showed that dicentric chromosomes do not break 
during mitosis. This finding was in agreement with 
work in yeast cells and a subsequent analysis in human 
cells3,103,104 (FIG. 5a). These dicentric chromosomes invari-
ably persist through mitosis and form long chromatin 
bridges that connect the daughter cells well into the next 
G1 phase3. These chromatin bridges contain a nuclear 
envelope that is contiguous with the nuclear envelop of 
the connected nuclei. However, when chromatin bridges 
are formed, there is frequent rupture of the nuclear envel-
ope of the connected nuclei, resulting in mixing of the 
nuclear and cytoplasmic contents. Spontaneous nuclear 
envelope rupture has been observed in cancer cell lines 
and is frequent in micronuclei105,106. It is not clear how 
chromatin bridges induce nuclear envelope rupturing, 
but lamin depletion from the nuclear envelope may have a 
role as lamin B1 overexpression suppressed the ruptures, 
and lamin depletion can promote envelope rupture in 
cancer cell lines3,105. A second source of nuclear envelope 
rupture may be the deformation of the two nuclei con-
nected by the stretching chromatin bridge. The dicentric 
chromosome in the bridge seems to exert pulling forces 
on the nuclear envelope, perhaps because it is attached to 
the nuclear lamins107. In support of this view, two recent 
studies have shown that cell migration through tight 
constrictions induces nuclear envelope rupture in the 
squeezed nuclei108,109.

After persisting for many hours, the chromatin 
bridges are resolved by 3ʹ repair exonuclease 1 (TREX1) 
(FIG.  5b), a highly abundant and widely expressed 
3ʹ exonuclease that degrades DNA species in the cyto-
plasm110–113. TREX1 seems to gain access to the chroma-
tin bridge during nuclear envelope rupture3. The enzyme 
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Figure 4 | BFB cycles and chromosomal rearrangements 
during telomere crisis. a | Breakage–fusion–bridge (BFB) 
cycles can occur when telomere fusion generates a dicentric 
chromosome. During anaphase, the mitotic spindle pulls this 
dicentric chromosome towards opposite spindle poles, 
thereby generating the widely observed anaphase bridges. 
During cell division, the dicentric chromosome undergoes 
breakage and the broken ends fuse again, giving rise to 
another dicentric chromosome. b | BFB cycles can be 
interrupted by telomerase­mediated telomere healing. 
If this process occurs following breakage, it can result in the 
formation of a terminal chromosome deletion and loss of 
heterozygosity (LOH). Alternatively, broken chromosomes 
can be repaired by break­induced replication, yielding a 
non-reciprocal translocation. Repeated cycles of BFB that 
occur between sister chromatids can result in regional 
amplification and the generation of a homogeneously 
staining region (HSR) following chromosome staining. 
This HSR consists of multiple amplicons of inverted repeats. 
Excision of the amplified sequences out of the chromosome 
will generate circular double­minute chromosomes.
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Telomere dysfunction can promote gene amplification & HSR formation

Dicentric chromosomes
Abnormal chromosomes with 
two centromeres that can 
result from telomere–telomere 
fusion.

Because the increased telomere length is present at 
birth, these mutations are likely to push the onset of 
senescence to later population doublings, thus post-
poning the tumour-suppressive effects of telomere 
attrition to a point of irrelevance. However, whether 
the diminished POT1 function also promotes genome 
instability is currently unknown64.

Another observation in support of the telomere 
tumour suppressor pathway is that longer telomere 
length has been associated with an increased risk of 
B cell lymphoma and chronic lymphocytic leukaemia 
(CLL)65–67. In a recent study, single-nucleotide poly-
morphisms in telomere maintenance genes that are 
associated with telomere length68,69 were examined to 
determine the cancer risk of 95,568 individuals from 
the general population70. This analysis found that genetic 
determinants of long telomeres are associated with an 
increased overall cancer risk, especially lung cancer 
and melanoma. Collectively, these data are consist-
ent with telomere shortening functioning as a tumour 
suppressor pathway.

Telomere crisis and genome instability
Although the telomere tumour suppressor pathway may 
be a powerful mechanism to limit cancer development, 
failure of transformed cells to undergo senescence can 
produce telomere crisis, during which the cell popula-
tion does not expand. In telomere crisis, cells struggle 
with a high level of genome instability owing to the 
presence of many dysfunctional telomeres. Activation 
of telo merase provides a path out of telomere crisis, 
 ultimately leading to the formation of a cancer clone 
with a heavily rearranged genome (FIG. 3).

Continued growth past the senescence barrier can 
occur in cells that lack the p53 and RB tumour sup-
pressor pathways, rendering their cell cycle transitions 
impervious to inhibition through ATM and ATR sig-
nalling. Continued telomere shortening eventually 
leads to cells with numerous dysfunctional telomeres, 
thereby increasing the chance that one dysfunctional 
telomere becomes fused to another. Consequently, 
cells in telomere crisis have end-to-end fused dicentric 
chromo somes, which lead to mitotic mis-segregation 
and genomic instability. Cells in telomere crisis undergo 
frequent cell death. A common assumption is that this 
loss of viability is driven by chromosome breakage and 
mis-segregation, although it may also involve additional 
telomere deprotection during an extended mitotic arrest 
that occurs in some of the cells71,72.

Mammalian cells can use two types of end-joining 
pathways to repair DSBs: classical NHEJ (c-NHEJ) and 
alternative NHEJ (alt-NHEJ)73,74. c-NHEJ relies on the 
Ku70–Ku80 heterodimer and DNA ligase 4 and can 
either be accurate or result in small deletions. By con-
trast, alt-NHEJ, which is mediated by poly(ADP- ribose) 
polymerase 1 (PARP1) and DNA ligase 3,  creates inser-
tions and more extensive deletions. Telomere fusions 
formed during telomere crisis in cultured cells are 
 mediated by alt-NHEJ and exhibit insertion of new 
sequences at the fusion point75,76. Similarly, alt-NHEJ has 
been implicated in telomere fusion in human  cancer77,78 
and in telomere fusions in mouse models79. By con-
trast, when telomeres are compromised through the 
loss of TRF2, their repair is carried out by c-NHEJ80–82. 
The  reason for this  difference is not yet clear.

Genome instability in cells undergoing telomere 
crisis was initially found to give rise to chromosome 
gains and losses (aneuploidy), translocations, gene 
loss (manifested as loss of heterozygosity (LOH)) and 
regional amplification through breakage–fusion–bridge 
(BFB) cycles1,80,83. However, it has recently become 
clear that the repertoire of genomic alterations that can 
be ascribed to telomere crisis is more extensive and 
includes  whole-genome reduplication, chromothripsis 
and kataegis3,8,9.

BFB cycles and their associated chromosomal 
 rearrangements. BFB cycles, first observed more than 
half a century ago by Barbara McClintock84, can occur 
when dicentric chromosomes (including those formed 
by telomere fusion) break, followed by a second fusion of 
the broken ends in the daughter cell85 (FIG. 4a). Telomere 
fusions can occur between different chromosomes 
or between sister chromatids after DNA replication, 
thus leading to different outcomes86. Collectively, BFB 
cycles can lead to three outcomes that are pertinent 
to cancer: LOH, non-reciprocal translocations and 
gene amplification.

LOH, which is frequent at cancer-relevant loci, can 
occur when a dicentric chromosome breaks and one 
of the daughter cells inherits a chromosome with a ter-
minal deletion (FIG. 4b). Non-reciprocal translocations 
could arise when the DNA end of a broken chromo-
some invades another chromosome and  copies part 
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Figure 3 | Telomere crisis. Loss of the RB and p53 tumour suppressor pathways disables 
the ability of cells to respond with cell cycle arrest to ATR and ATM signalling. As the cells 
continue to divide, their telomeres continue to shorten. Once many telomeres become 
too short to function, the unprotected chromosome ends generate end­to­end fusions 
and dicentric chromosomes, leading to many forms of genome instability. Ultimately, 
telomerase reactivation provides a route out of telomere crisis by healing critically 
shortened telomeres and improving genomic stability, thereby increasing cell viability. 
The resulting tumour will have active telomerase and a heavily rearranged genome.
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chromosome (fragments); 
often formed as a result 
of mitotic chromosome 
segregation defects.

Lamin
An intermediate filament 
protein that imparts structural 
rigidity to the nucleus by 
assembling into a meshwork 
at the inner nuclear membrane.

of this chromosome through a process called break- 
induced replication87,88. Non-reciprocal trans locations 
occur during tumorigenesis in mice with shortening 
telomeres1 and are a frequent class of rearrange ments 
in cancer89. Sequence analysis of more than 1,000 telo-
mere fusion events has shown that a chromo some end 
lacking telomere protection can  recombine with diverse 
chromosome-internal loci90.

Gene amplification can result when the telomere 
fusion event involves sister chromatids, thus creating 
a large palindrome (FIG. 4b). Subsequent asymmetric 

breakage of such an isochromosome and multiple BFB 
cycles can then generate amplicons that are organized 
in inverted repeats91. BFB cycles have been demon-
strated to initiate gene amplification in human cancer 
cells and in hamster cells92–94. Moreover, the inverted 
amplicon arrangements that are typical of BFB cycles 
have been observed in many cancer types, including 
pancreatic cancer, oesophageal cancer, breast cancer 
and leukaemias91,95–98.

Chromothripsis. Recently, chromothripsis was shown 
to be one of the outcomes of experimentally induced 
telomere crisis. Chromothripsis is a mutagenic process 
whereby one or more chromosomal regions undergo 
catastrophic shattering in a single event, followed by 
an apparently haphazard repair of the DNA fragments. 
This process results in genomes in which one or few 
chromosome segments are affected by tens to hundreds 
of genomic rearrangements99. Chromothripsis has been 
observed in diverse tumour types, especially those with 
p53 loss100,101, and several studies have noted an associ-
ation between BFB cycles and chromothripsis91,98,102. 
Consistent with these associations, chromothripsis was 
demonstrated to be the result of telomere crisis induced 
by the inactivation of the shelterin subunit TRF2 in 
p53-deficient and RB-deficient epithelial cells3. This 
study used live-cell imaging to determine the fate of 
dicentric chromosomes formed during telomere crisis 
and showed that dicentric chromosomes do not break 
during mitosis. This finding was in agreement with 
work in yeast cells and a subsequent analysis in human 
cells3,103,104 (FIG. 5a). These dicentric chromosomes invari-
ably persist through mitosis and form long chromatin 
bridges that connect the daughter cells well into the next 
G1 phase3. These chromatin bridges contain a nuclear 
envelope that is contiguous with the nuclear envelop of 
the connected nuclei. However, when chromatin bridges 
are formed, there is frequent rupture of the nuclear envel-
ope of the connected nuclei, resulting in mixing of the 
nuclear and cytoplasmic contents. Spontaneous nuclear 
envelope rupture has been observed in cancer cell lines 
and is frequent in micronuclei105,106. It is not clear how 
chromatin bridges induce nuclear envelope rupturing, 
but lamin depletion from the nuclear envelope may have a 
role as lamin B1 overexpression suppressed the ruptures, 
and lamin depletion can promote envelope rupture in 
cancer cell lines3,105. A second source of nuclear envelope 
rupture may be the deformation of the two nuclei con-
nected by the stretching chromatin bridge. The dicentric 
chromosome in the bridge seems to exert pulling forces 
on the nuclear envelope, perhaps because it is attached to 
the nuclear lamins107. In support of this view, two recent 
studies have shown that cell migration through tight 
constrictions induces nuclear envelope rupture in the 
squeezed nuclei108,109.

After persisting for many hours, the chromatin 
bridges are resolved by 3ʹ repair exonuclease 1 (TREX1) 
(FIG.  5b), a highly abundant and widely expressed 
3ʹ exonuclease that degrades DNA species in the cyto-
plasm110–113. TREX1 seems to gain access to the chroma-
tin bridge during nuclear envelope rupture3. The enzyme 
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Figure 4 | BFB cycles and chromosomal rearrangements 
during telomere crisis. a | Breakage–fusion–bridge (BFB) 
cycles can occur when telomere fusion generates a dicentric 
chromosome. During anaphase, the mitotic spindle pulls this 
dicentric chromosome towards opposite spindle poles, 
thereby generating the widely observed anaphase bridges. 
During cell division, the dicentric chromosome undergoes 
breakage and the broken ends fuse again, giving rise to 
another dicentric chromosome. b | BFB cycles can be 
interrupted by telomerase­mediated telomere healing. 
If this process occurs following breakage, it can result in the 
formation of a terminal chromosome deletion and loss of 
heterozygosity (LOH). Alternatively, broken chromosomes 
can be repaired by break­induced replication, yielding a 
non-reciprocal translocation. Repeated cycles of BFB that 
occur between sister chromatids can result in regional 
amplification and the generation of a homogeneously 
staining region (HSR) following chromosome staining. 
This HSR consists of multiple amplicons of inverted repeats. 
Excision of the amplified sequences out of the chromosome 
will generate circular double­minute chromosomes.
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independent replication restart 
that is initiated by the invasion 
of resected DNA into 
homologous sequences.
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containing one or more 
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often formed as a result 
of mitotic chromosome 
segregation defects.
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protein that imparts structural 
rigidity to the nucleus by 
assembling into a meshwork 
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of this chromosome through a process called break- 
induced replication87,88. Non-reciprocal trans locations 
occur during tumorigenesis in mice with shortening 
telomeres1 and are a frequent class of rearrange ments 
in cancer89. Sequence analysis of more than 1,000 telo-
mere fusion events has shown that a chromo some end 
lacking telomere protection can  recombine with diverse 
chromosome-internal loci90.

Gene amplification can result when the telomere 
fusion event involves sister chromatids, thus creating 
a large palindrome (FIG. 4b). Subsequent asymmetric 

breakage of such an isochromosome and multiple BFB 
cycles can then generate amplicons that are organized 
in inverted repeats91. BFB cycles have been demon-
strated to initiate gene amplification in human cancer 
cells and in hamster cells92–94. Moreover, the inverted 
amplicon arrangements that are typical of BFB cycles 
have been observed in many cancer types, including 
pancreatic cancer, oesophageal cancer, breast cancer 
and leukaemias91,95–98.

Chromothripsis. Recently, chromothripsis was shown 
to be one of the outcomes of experimentally induced 
telomere crisis. Chromothripsis is a mutagenic process 
whereby one or more chromosomal regions undergo 
catastrophic shattering in a single event, followed by 
an apparently haphazard repair of the DNA fragments. 
This process results in genomes in which one or few 
chromosome segments are affected by tens to hundreds 
of genomic rearrangements99. Chromothripsis has been 
observed in diverse tumour types, especially those with 
p53 loss100,101, and several studies have noted an associ-
ation between BFB cycles and chromothripsis91,98,102. 
Consistent with these associations, chromothripsis was 
demonstrated to be the result of telomere crisis induced 
by the inactivation of the shelterin subunit TRF2 in 
p53-deficient and RB-deficient epithelial cells3. This 
study used live-cell imaging to determine the fate of 
dicentric chromosomes formed during telomere crisis 
and showed that dicentric chromosomes do not break 
during mitosis. This finding was in agreement with 
work in yeast cells and a subsequent analysis in human 
cells3,103,104 (FIG. 5a). These dicentric chromosomes invari-
ably persist through mitosis and form long chromatin 
bridges that connect the daughter cells well into the next 
G1 phase3. These chromatin bridges contain a nuclear 
envelope that is contiguous with the nuclear envelop of 
the connected nuclei. However, when chromatin bridges 
are formed, there is frequent rupture of the nuclear envel-
ope of the connected nuclei, resulting in mixing of the 
nuclear and cytoplasmic contents. Spontaneous nuclear 
envelope rupture has been observed in cancer cell lines 
and is frequent in micronuclei105,106. It is not clear how 
chromatin bridges induce nuclear envelope rupturing, 
but lamin depletion from the nuclear envelope may have a 
role as lamin B1 overexpression suppressed the ruptures, 
and lamin depletion can promote envelope rupture in 
cancer cell lines3,105. A second source of nuclear envelope 
rupture may be the deformation of the two nuclei con-
nected by the stretching chromatin bridge. The dicentric 
chromosome in the bridge seems to exert pulling forces 
on the nuclear envelope, perhaps because it is attached to 
the nuclear lamins107. In support of this view, two recent 
studies have shown that cell migration through tight 
constrictions induces nuclear envelope rupture in the 
squeezed nuclei108,109.

After persisting for many hours, the chromatin 
bridges are resolved by 3ʹ repair exonuclease 1 (TREX1) 
(FIG.  5b), a highly abundant and widely expressed 
3ʹ exonuclease that degrades DNA species in the cyto-
plasm110–113. TREX1 seems to gain access to the chroma-
tin bridge during nuclear envelope rupture3. The enzyme 
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Figure 4 | BFB cycles and chromosomal rearrangements 
during telomere crisis. a | Breakage–fusion–bridge (BFB) 
cycles can occur when telomere fusion generates a dicentric 
chromosome. During anaphase, the mitotic spindle pulls this 
dicentric chromosome towards opposite spindle poles, 
thereby generating the widely observed anaphase bridges. 
During cell division, the dicentric chromosome undergoes 
breakage and the broken ends fuse again, giving rise to 
another dicentric chromosome. b | BFB cycles can be 
interrupted by telomerase­mediated telomere healing. 
If this process occurs following breakage, it can result in the 
formation of a terminal chromosome deletion and loss of 
heterozygosity (LOH). Alternatively, broken chromosomes 
can be repaired by break­induced replication, yielding a 
non-reciprocal translocation. Repeated cycles of BFB that 
occur between sister chromatids can result in regional 
amplification and the generation of a homogeneously 
staining region (HSR) following chromosome staining. 
This HSR consists of multiple amplicons of inverted repeats. 
Excision of the amplified sequences out of the chromosome 
will generate circular double­minute chromosomes.
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ecDNA are circular DNAs that lack centromeres & are frequently observed in cancer



Kim et al, 2020 (PMID: 32807987); Wu et al, 2019 (PMID: 31748743); Zhu et al, 2021 (PMID: 33836152)

Extrachromosomal DNA (double minutes) are a common source of focal amplification

ecDNA are an emerging hallmark of cancer
• Increase oncogene copy number
• >60% of cancer types; ~14% of cancer genomes
• Enhanced transcription relative to linear amplifications
• Act as mobile enhancers

COLO320-DM

DNA MYC



Benner et al, 1991 (PMID: 1720337); Nathanson et al, 2014 (PMID: 24310612)

ecDNA can jump in and out of chromosomes to form HSRs

COLO320-DM

DNA MYC

COLO320-HSR

DNA MYC



Asymmetric ecDNA segregation results in rapid (& reversible) amplification 

ecDNA can be segregated asymmetrically
• ecDNA lack centromeres
• Rapid accumulation over several cell divisions
• ecDNA replicate once per cell cycle

The mechanisms of mitotic ecDNA
segregation are poorly understood

Lange et al, 2022 (PMID: 36123406); Kim et al, 2020 (PMID: 32807987); Wu et al, 2019 (PMID: 31748743); Zhu et al, 2021 (PMID: 33836152)



Acentric chromosomes/chromosome fragments frequently form micronuclei

Acentric chromosome fragment

Micronucleation causes broad dysfunction
• DNA damage
• Transcriptional silencing
• DNA replication defects
• Innate immune activation

Hatch et al., 2013 (PMID: 23827264); Maciejowski & Hatch, 2020 (PMID: 32692592); Maciejowski et al., 2015 (PMID: 26687355)
Crasta et al., 2012 (PMID: 22258507); Zhang et al., 2015 (PMID: 26017310); Agustinus et al., 2022 (https://doi.org/10.1101/2022.01.12.475944)



Shimizu et al, 1996 (PMID: 8528254)

ecDNA may form micronuclei after mis-segregating as large clusters

ecDNA+ micronuclei



Shimizu et al, 1996 (PMID: 8528254); Levan & Levan, 1978 (PMID: 649427); Kanda et al, 2001 (PMID: 11112689); Barker & Hsu, 1978 (PMID: 299656)

ecDNA may segregate by tethering to mitotic chromosomes

ecDNA+ micronuclei ecDNA segregate via chromosome ‘hitchhiking’



CIN generates micronuclei



Micronuclei exhibit evidence of DNA damage



Micronuclei lose nuclear compartmentalization



Micronuclei lose nuclear compartmentalization



Micronuclei can re-enter main genome after mitotic nuclear envelope breakdown



Does micronucleation lead to chromothripsis?

Ly & Cleveland, Trends in Cell Biology, 2015.



Does micronucleation lead to chromothripsis?

Zhang et al., Nature, 2015.



DNA damage in micronuclei triggers catastrophic shattering of chromosomes

Ly & Cleveland, Trends in Cell Biology, 2015.



Sun et al., 2013 (PMID: 23258413); Ablasser et al., 2013 (PMID: 23722158); Gao et al., 2013 (PMID: 23647843); Gao et al., 2013 (PMID: 23910378);
Ishikawa & Barber, 2008 (PMID: 18724357); Ishikawa et al., 2009 (PMID: 19776740); Kranzusch et al., 2013 (PMID: 23707061)

Viral-derived

The cGAS-STING pathway initiates a pro-inflammatory response to foreign DNA



Can NE rupturing activate an immune response?

PN

MN

PN

PN

PN

ESCRT-III

MN

Mitotic entry

rMN

rMN

Mitotic exit



How could you test if micronuclei activate the cGAS/STING pathway?



cGAS localizes to micronuclei upon micronuclear envelope rupture



ISG upregulation associates with presence of micronuclei



ISG upregulation associates with presence of micronuclei



Do micronuclei really activate cGAS signaling?

Taki et al, Mol Cell, 2024.



• Centromeres ensure accurate chromosome segregation during mitosis & meiosis

Take home points

• Centromeres serve as chromosomal attachment site to spindle

• Centromere sequences vary widely, but centromere proteins are largely conserved

• Centromeres are defined epigenetically via CENP-A deposition

• Aneuploidy & chromosomal instability are common in cancer

• Kinetochore assembles over centromere during mitosis

• CIN generates micronuclei

• Micronuclei exhibit DNA damage

• Micronuclei activate cGAS-STING signaling


