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Abstract
Chromosomal fragile sites are described as areas within the tightly packed mitotic chromatin that appear as breaks or gaps 
mostly tracing back to a loosened structure and not a real nicked break within the DNA molecule. Most facts about fragile 
sites result from studies in mitotic cells, mainly during metaphase and mainly in lymphocytes. Here, we synthesize facts 
about the genomic regions that are prone to form gaps and breaks on metaphase chromosomes in the context of interphase. 
We conclude that nuclear architecture shapes the activity profile of the cell, i.e. replication timing and transcriptional activity, 
thereby influencing genomic integrity during interphase with the potential to cause fragility in mitosis. We further propose 
fragile sites as examples of regions specifically positioned in the interphase nucleus with putative anchoring points at the 
nuclear lamina to enable a tightly regulated replication–transcription profile and diverse signalling functions in the cell. 
Consequently, fragility starts before the actual display as chromosomal breakage in metaphase to balance the initial contra-
diction of cellular overgrowth or malfunctioning and maintaining diversity in molecular evolution.

Keywords Cancer · Cell cycle · Chromatin organization · Chromosome condensation · Chromosome territory · Replication-
transcription conflicts

Chromosomal fragile sites 
within the replicative landscape 
of the nucleus

The dilemma of cellular division

Developing organisms rely on cell division (mitotic cells) to 
distribute their genetic material equally and ideally errorless 
to subsequent daughter cells. During differentiation most 
cells do not continue to divide (postmitotic cells) and transi-
tion into senescence while the whole organism is ageing. For 
a long time, this course into cellular expiration by telomere 
shortening was thought to counteract cellular division pro-
gress into malignant overgrowth [1]. However, the constraint 
of mutational accumulation as a positive effect faces the 
secretion of tissue disrupting substances by senescent cells 

as negative effect [2, 3]. Concomitantly, cellular division 
continues even in mature organisms to some extent specifi-
cally to function for tissue maintenance and regeneration.

Every cell is exposed to up to thousands of single lesions 
from exogenous and endogenous sources to mostly challenge 
the integrity of the genetic material within one generation 
when affecting somatic cells [4, 5]. However, when germ 
cells are affected, mutations can be passed on to subsequent 
generations, thereby leading to a number of about 70 de 
novo mutations per diploid human genome per generation 
with a rate of 0.35 deleterious amino acid mutations per 
diploid genome [6] and might predispose to cancer devel-
opment [7]. Hence, mutations accumulate in the course of 
cellular division that will be positive, negative or neutral for 
the affected organism.

Impaired replication causes chromosomal fragility

One of the major drivers of endogenous DNA damage is 
replication, i.e. the accurate copying of the genetic mate-
rial into two identical copies, each kept available for the 
spreading to two daughter cells during cell division. Hin-
dered and slowed replicative processes in interphase can 
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lead to stretches of under-replicated DNA where doubling 
of the genetic material is not finished on time before the 
onset of mitosis [8]. Furthermore, lack of replication ori-
gins [9], transcription–replication encounters [10, 11], steric 
hindrance as well as fork collapse [12] may hinder timely 
termination of replication additionally in interphase [13]. 
Such replication disturbances can lead to the expression 
of so-called chromosomal fragile sites (FSs) in metaphase 
[14]. These are cytogenetically appearing gaps or breaks 
on the most condensed form of the genetic material, on 
metaphase chromosomes [15, 16]. Most likely FSs are not 
representing real “broken”, meaning nicked, structures but 
rather decondensed ‘intercalary’ chromatin as also one of 
the first descriptions on chromosomal fragility refers to [17]. 
A recent study even suggests a failure of correct conden-
sin loading to FSs before the onset of mitosis what leads to 
insufficient chromatin compaction resembling characteristic 
mitotic FS lesions [18].

Grouping chromosomal fragile sites

Traditionally, fragile regions have been subdivided into 
‘common fragile sites’ (CFSs) and ‘rare fragile sites’ consid-
ering the frequency of appearance of these sites in a normal 
population [16]. During the last years, scientists proceeded 
to subgroup only into CFSs and ‘early replicating fragile 
sites’ (ERFSs) [23] while omitting ‘rare fragile sites’ due to 
their direct linkage to specific sequence features [e.g. CCG 
triplet repeats in the case of FRAX (‘Fragile X Syndrome’ 
OMIM #300624)] [24] instead of referring to the formerly 
used mere cytogenetic definition. In comparison to CFSs, 
ERFSs are replicating early in S-phase, have relatively 
higher chromatin accessibility, a high density of replica-
tion origins, as well as a high G-C content [23]. At ERFSs, 
the integrity of replication is challenged by an increase in 
initiating events resulting in either replication–transcrip-
tion conflicts or depletion of nucleotide pools [23, 25]. Both 
scenarios slow down replication leading to increased fragil-
ity [25, 26]. In contrast, deficiency of replication initiation 
events causes a reduced replication progression at CFSs [9, 
23]. However, the fragility at both sites is increased by ATR 
inhibition, oncogenic stress and deficiencies in homologous 
recombination [16, 27, 28].

How the nuclear interphase architecture might 
inform about chromosomal fragility

The above mentioned understanding of fragility is not any 
more based on the attempt to define parallel mechanisms to 
explain every breakage event, but rather use the term ‘frag-
ile site’ as a converging definition of multifactorial aspects 
resulting in the same cytogenetic manifestation. What we see 
is most likely the consequence of earlier events and not the 

cause of further downstream events, such as breakage and 
genomic rearrangements. The defined mitotic instability of 
FSs raises questions about events in preceding interphases 
leading to a later uncondensed chromatin structure. While 
some genetic regions are known to replicate early in S-phase 
of the cell cycle, others are usually late replicating. This 
temporal difference is also reflected in the spatial organiza-
tion of the genome during interphase. Whereas the nuclear 
centre usually harbours early replicating sites, the nuclear 
periphery is mostly composed of late replicating areas of 
the genome [19]. Since each chromosome occupies a certain 
space within the nucleus, known as chromosomal territory 
[20, 21], and since each chromosome itself possesses early 
as well as late replicating regions, it is evident that there is 
a higher order structure and organization even within the 
interphase nucleus without vigorous condensation of chro-
mosomes [21, 22].

Are FSs genomic regions that purely represent the exist-
ence of large and difficult-to-replicate units with a low num-
ber of activatable origins leaving behind large stretches of 
DNA that cannot be replicated timely within one cell cycle 
[9, 29–33]? Or, alternatively, are FSs somehow actively hin-
dered from replicating early, which would prevent termina-
tion of replication before the onset of mitosis?

Chromosomal fragility—mitotic instability 
tracing back to nuclear positioning 
during interphase

The role of transcription in replicatively challenged 
genomic regions

The before-mentioned replication challenges seem to cause 
delayed chromosomal condensation in later cell division 
cycle stages. Transcription may further delay condensation 
of late replicating regions for mitotic chromosomal separa-
tion. The coincidence of replication and transcription causes 
those two acting multiprotein machineries to encounter in 
the same genomic region thereby suppressing replication 
initiation [33] or even producing DNA lesions, structural 
variants and under-replicated DNA stretches that can form 
FSs [11, 34–36]. Interestingly, replication-transcription con-
flicts do not activate the cell cycle checkpoint completely 
what might resolve encounter intermediates before mitotic 
entry by continued replication [37]. However, acetylation, 
the histone mark that is connected with chromatin acces-
sibility, has been reported to be present in a hypoacetylated 
state at FSs [38]. Hypoacetylation leads to a relatively more 
compact chromatin structure and seems to hinder gene rep-
lication, expression and repair at these sites [39]. Besides 
hypoacetylation, gene repression is usually characterized by 
histone marks, such as H3K9me2 and H3K9me3, which are 
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enriched beneath the nuclear lamina, which is a structural 
reticulation underlying the inner membrane of the nucleus. 
Chromatin that is linked to the nuclear lamina is organized 
in so-called lamina-associated domains (LADs) [40, 41]. 
These LADs, especially the outer 200 kb of LADs are char-
acterized by repressive H3K9 methylation, most likely to 
prevent spreading of active chromatin into heterochromatic 
regions [42], thereby maintaining cell type-specific gene 
expression profiles. So far it is not known whether the teth-
ering of genetic regions to the lamina follows the chromatin 
marks that are footprints of their transcriptional activity [43, 
44] or whether the tethering itself leads to transcriptional 
repression as well as late replication [40, 45]. By now there 
is evidence for both theories [40, 44]. A recent study points 
on the direct regulation of the replication profile by a cer-
tain threshold of transcription, i.e. high expression levels 
promote earlier replication to prevent incomplete replication 
before the onset of mitosis [46]. Consequently, the nuclear 
lamina is not only an important player of the structural 
nuclear architecture and inner compartmentalization of the 
nucleus but also of functional gene regulation [47]. Interest-
ingly, FSs that were previously thought to simply represent 
the mitotic result of DNA damage and insufficient repair 
in the preceding interphase are found to have overlapping 
characteristics with LADs [40–42]: spanning large regions 
from 100 kb to 10 Mb with a low gene density, late replicat-
ing in interphase, lowly transcribed, comprising large genes 
with at least 500 kb size, high A/T content and repressive 
chromatin marks [10, 38, 48–53].

The putative link between the nuclear periphery 
and FS manifestation

The so-far mainly cited reasons for chromosomal fragil-
ity summarize in a set of large genes and replication units 
that are late replicating and concomitantly transcribed in 
interphase [53]. However, the processes of replication and 
transcription seem to be timely and spatially separated 
within the nucleus. The replicative spatial organization is 
closely linked to transcriptional activity whereby highly 
transcribed regions (euchromatin) are found in the nuclear 
centre and lowly transcribed or repressed genes (heterochro-
matin), respectively, at the nuclear periphery [54]. Thereby, 
peripheral areas within the nucleus are determined by gene-
poor, mid-to-late replicating and lowly transcribed genomic 
regions in close vicinity to the nuclear lamina [20, 55].

Thus, genomic regions later manifested as FSs should 
be located in the nuclear periphery during interphase con-
cerning their replication profile, but closer to the nuclear 
interior concerning their transcriptional profile. A peripheral 
location favours the idea of possible nuclear membrane or 
cytoskeletal anchor points that prevent certain genomic areas 
from early replication, hamper them from being transcribed 

that may leave behind uncondensed chromatin in mitosis 
when they continue to do anyway. A low transcription level 
is sufficient to cause later fragility [46, 53] indicating that 
a low threshold may already cause imbalance in mitosis. 
However, a higher transcription level might favour earlier 
replication to avoid mitotic instability [46]. Given that FS 
have been linked to neurological disorders, it is tempting 
to assume a signalling function of FSs to constrain expres-
sion of neurologically active gene products to better con-
trol expression as in these vulnerable areas protein over-
expression might have severe outcomes [48, 56, 57]. This 
idea is supported by the fact that FSs are tissue specifically 
expressed [9, 50] what mirrors tissue-specific replication 
timing and expression program of each cell type [58, 59].

Despite it is object of recent discussion, the possible link 
between lamina anchorage in interphase and chromosomal 
breakage in mitosis has not been addressed in detail yet [40, 
60]. This raises the question how nuclear organization is 
maintained through each cell cycle and how non-genetic 
information is passed on during cell division to maintain cell 
type-specific replication, transcription and thereby devel-
opmental profile. Possible answers may involve the role of 
interphase nuclear architecture for chromosomal stability.

The nuclear architecture is a main driver 
of chromosomal organization, regulation 
and stability

The relation of FSs and nuclear pore complexes

The nuclear material has a cell type-specific organization, 
i.e. the relation of chromosomes to each other and to the 
nuclear periphery is specific to each cell type [21, 55]. 
This information is maintained through mitosis. The dou-
ble membrane layered nuclear envelope is interspersed by 
nuclear pore complexes (NPCs) that enable interchange 
of substances between the cyto- and nucleoplasm. These 
NPCs are often associated with euchromatic regions thereby 
interrupting the peripheral heterochromatic area within the 
nucleus [55, 61].

Partially it has been described that FSs are located in 
the nuclear periphery—visualized by the localization of 
FANCD2 [62] what indicates FSs [53]. These findings sug-
gest a late replicated, but generally repressed state of the 
chromatin in the course of interphase; however, FSs are tran-
scribed at least to some extent. This prompts the question 
whether these peripheral FSs are located close to the nuclear 
lamina or might be associated to NPCs? If they were local-
ized at NPCs, this would explain their transcriptional activ-
ity and late replication might refer to long-lasting rather than 
late onset replication. Long lasting replication is supported 
by the fact that even early mitotic replication exists, mainly 
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at difficult-to-replicate and otherwise lesion prone regions, 
such as FSs [63, 64]. However, this would implicate that 
FSs were not located at the nuclear periphery because FSs 
are late replicating themselves and by chance transcribed, 
but rather transcribed on purpose. Hence, FSs should be 
processed in the periphery with close connection to protein 
exchange locations, such as NPCs as well as repair factories 
[65–67]. If the localization of FSs was within the periphery 
but distant from NPCs, meaning within LADs, this would 
argue in favour of the hypothesis that late onset replication 
is meaningful in FS expression. However, a certain level 
of concomitant transcription—that is not designated for 
peripheral heterochromatic areas—might be the leading 
fact towards later fragility as two processes coincide that 
should be separated in the interphase nucleus. Thereby spe-
cific anchor points in the nuclear lamina for these genomic 
regions are conceivable as exemplified consecutively.

Anchor points at the nuclear lamina as potential 
sources of fragility

In embryonic cells of fruit flies it was shown that lamina 
interacting regions are characterized by a certain degree 
of AT-richness, transcriptional repression with according 
histone modifications, late replication and long intergenic 
distance [54]. Similar features have been described for FSs 
[17, 31, 38, 49, 68] and the intergenic spacing matches the 
recently described withstanding of FSs in intron size reduc-
tion in an avian species in the course of general genome 
size reduction of these vertebrates [53]. Interestingly, cer-
tain anchor points of lamina proteins for DNA have already 
been found to contribute to genome instability. For example, 
CTCF-sites, i.e. DNA binding sites for the transcriptional 
zinc-finger repressor CTCF (‘CCCTC-binding factor’), 
have major functions in structural chromatin and transcrip-
tional regulation mainly as so-called ‘topological associated 
domains’ (TADs) [21, 69]. CTCF-sites can directly anchor 
DNA to the nuclear lamina, thereby arranging chromatic 
loop structures to define eu- and heterochromatic regions. 
Interestingly, within these loop anchor points a higher num-
ber of structural variants is found and FSs seem to over-
lap with these anchorage sites [60, 70]. With this looping, 
genomic regions are either allocated to central active or 
peripheral repressed chromatin with CTCF sites constituting 
a domain boundary [44] and NPCs are involved in the set-
ting of chromatin looping [61]. Thereby chromatin anchors 
and loops seem to regulate transcriptional activity to set cell 
type-specific gene expression profiles. This is in accordance 
with tissue-specific organization of chromatin looping and 
transcriptional regulation where the basal chromosome 
architecture is cumulatively altered at hundreds of sites sug-
gesting that lamina-genome interactions are widely involved 
in the control of gene expression [44, 47, 71]. Several genes 

have been used in repositioning assays and monitored cell 
type specifically to identify the dependence of nuclear posi-
tioning on their expression profile and developmental status 
[45, 72, 73]. Consequently, the cellular differentiation status 
regulates the movement of genomic regions from the nuclear 
periphery to the interior to change their expressional state 
and TADs appear as dynamic structures in the course of 
differentiation [41, 74].

Another example for chromatin-lamina-interaction is the 
lamin B receptor which is the direct link between lamins 
and chromatin [75]. It was shown that specific sequences 
are associated with interacting regions, such as extended 
GAGA motifs, that when used in repositioning assays will 
target chromatin to the nuclear lamina; in contrast, regions 
that were originally not positioned in the nuclear periphery, 
replaced their ectopic genetic regions also to the interior 
nucleoplasm [40]. Furthermore, these repositioned sites are 
thought to be changed in their expression activity accord-
ing to their new genetic surrounding [40, 45]. This is a 
hypothesis based on the fact that the insertion of a reporter 
gene results in a lower expression within an LAD than in 
the nuclear centre and that this process is closely linked to 
histone deacetylation which is a mark of repressed chroma-
tin and FSs [38, 40]. Vice versa LAD-sequences inserted 
elsewhere in the genome will be tethered to the nuclear 
periphery and repressed. However, there are contradictory 
results from a similar approach where repositioning of a for-
mer transcriptionally active and nuclear interior locus into 
the nuclear periphery maintained its transcriptional profile 
after one cell cycle [76]. Nevertheless, these observations 
are not mutually exclusive. Differentiation and the associated 
rearrangement status of a cell, localization in connection to 
NPCs as well as certain sequence features can result in a 
defined transcription pattern also at the nuclear periphery 
[47]. Therefore, we propose that any genomic region that 
is tethered to the nuclear periphery and thereby defined by 
its traits, such as late replication, low transcription activity, 
gene poverty, larger gene and intergenic size, without a cer-
tain sequence specificity can result in a mitotic FS (Fig. 1).

Evidence for fragility due to nuclear matrix 
attachment

Recently published data suggests that DNA regions tightly 
connected to chromatin loop anchors or to the nuclear matrix 
(NM) are involved in chromosomal fragility in a cell type-
specific manner [60, 77]. The NM is a substructure con-
taining the nuclear lamina including NPCs, the nucleolus, 
and the intranuclear fibrous network [78] and plays a major 
role in the structure and function of the nucleus [21]. It was 
revealed that the mouse genomic region Fra14A2/Fhit, an 
ortholog to the human FRA3B, is largely associated with 
the NM in naïve B lymphocytes where FRA3B is a highly 
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expressed CFS. The same region is only partially anchored 
to the NM in primary hepatocytes and postmitotic neurons 
which are not expressing this CFS. Furthermore, global 
analyses of structural DNA-NM interactions in naïve B 
lymphocytes displayed that most of the genome has no 
tight interaction, emphasizing that the fragility of Fra14A2 
might be related to the association with the NM [77]. The 
embedding of DNA to the NM might result in a scarcity of 
typical origins of replication and replicons [9]. This lack of 
topological DNA features can lead to stress and therefore to 
genomic instability resulting in chromosomal fragility [79].

Nuclear lamina‑associated FSs have a balancer role 
in cell development and evolution

The question remains what establishes first during devel-
opment: inactive genomic regions marked by specific 
repressive chromatin marks will be read out to be teth-
ered to the nuclear periphery thereby creating two nuclear 
regions leaving space in the centre for protein accumula-
tion and transcription [41], and all repressed chromatin is 
in the periphery tightly packed for repression enhancement 
by steric hindrance of protein entrance. Alternatively, all 
genomic regions tethered by nuclear lamina proteins will 

be shuttled to the periphery [44], thereby creating regional 
specific chromatin marks and subsequently establishing a 
repressive state of the chromatin. Whatever processes lead 
to cell type-specific expression profiles, their first estab-
lishment successively results in a dynamic rearrangement 
during differentiation. Nuclear material usually demon-
strates slow movements within the nucleus and stable 
positioning within one cell cycle [80]. However, damaged 
telomeres and elsewise damaged DNA areas can move 
through the nucleus for relocation to repair centres and 
transcriptionally active chromatin will also move within 
the nucleus [67]. Chromatin association to the nuclear 
periphery is changed upon transcription and thereby move-
ments are thought to be limited by active RNA polymerase 
II creating so-called transcription factories for facilitated 
protein progression [81, 82]. Since chromatin movement 
is constrained within a cell cycle but should be favoured 
during cellular differentiation there seems a discrepancy 
between short term cell survival and long term differentia-
tion and evolution. Therefore we hypothesize a balancer 
role of nuclear lamina-associated FSs that are accompa-
nied by certain activity profiles. This limits the amount of 
active versus repressed chromatin and DNA damage on a 
cellular versus evolutionary level.

Fig. 1  The genetic material is packed within the nucleus, compris-
ing of a nuclear envelope, the underlying nuclear lamina including 
trans-membrane proteins, such as NPCs and chromatin, which can 
be subdivided in two regulatory compartments. These two compart-
ments usually represent an early replicating, gene-rich, transcription-
ally active (euchromatic) central region and a late replicating, gene-
poor, more transcriptionally repressed (heterochromatic) peripheral 
region, respectively. Chromosomal fragile sites (FSs) exert important 
cellular functions in the course of cell division cycle and development 

by combining characteristics of both compartments. a FSs act as sen-
sors for cell cycle delay and DNA repair, nuclear envelope modelling 
as well as a euchromatic marker in a heterochromatic surrounding to 
prevent chromosomal instability. b FSs accomplish cell type-specific 
activity profiles, stabilize the nuclear architecture and are regions of 
structural variants to balance beneficial and detrimental effects on an 
organismal and evolutionary scale. NPC- nuclear pore complex. G0, 
G1, G2, S, M—cell cycle phases (G gap, S synthesis, M mitosis)
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Conclusion, main messages and future 
perspectives

The cytogenetic appearance of FSs as gaps and breaks has 
mainly been assigned to under-replicated DNA stretches 
that might be resolved by diverse repair pathways before 
the onset of mitosis to prevent chromosomal instability. 
Specifically in cancer cells, chromosome integrity and 
recurrent copy number alterations are discussed with 
involvement of FSs [13, 36]. It is still debated how cell 
cycle is delayed to ensure a certain amount of repair, rep-
lication completion and sufficient chromatin compaction 
on the one hand [37]; but not to stop cell cycle progression 
leading to growth arrest and eventually cell death on the 
other hand. It has also been suggested that late replication 
in large genes with high intronic content constitutes the 
lowest chance of genetic information loss when escaping 
the check point [83]. Like this, specific setting of FSs in 
large genes would overall minimize genomic instability.

The time of manifestation and visibility of chromosomal 
fragility is not necessarily the time of occurrence of an 
actual DNA damage. By focusing on the factors contribut-
ing to imbalances at the time of their action, but not at the 
time of visible consequences, it seems that even primarily 
assessed detrimental lesions can have beneficial functions 
on a cellular and evolutionary level. Therefore, in addition 
to consider FSs as harmful chromosomal lesions, they also 
have a certain function for chromosomal stability as sites 
of uncondensed chromatin, similarly to constrictions, such 
as centromeres or nucleolar organizing regions at the short 
arms of acrocentric human chromosomes.

By further contemplating the conservation of FSs not 
only within the mammalian lineage [84–87] but also in 
avian species [53, 88] and even the occurrence of some-
what similar sites in insects [89], yeast [90] and plants [91, 
92], it is tempting to speculate on the function of these 
sites. We suggest a balancer and memory function of FSs 
in the context of the incompatibility of cell division and 
cellular senescence to keep an equilibrium between the 
chance of self-renewal and regeneration as well as can-
cerogenic overgrowth and ageing, respectively.

We, thus, propose FSs as signalling points (Fig. 1a) 
combining:

(I) late and/or long-lasting replication as a sensor for cell 
cycle delay preventing genomic instability in subse-
quent cell divisions,

(II) transcriptional activity in a surrounding of delayed 
replication for clashes leading to DNA instability as 
sensors for DNA repair,

(III) transcriptional activity in a surrounding of delayed 
replication to antedate replication timing to prevent 
genome instability,

(IV) transcriptional activity accompanied by nucleosome 
exclusion as a marker of euchromatic regions associ-
ated with a decondensed chromatin structure and

(V) anchoring to the nuclear lamina as a sensor for nuclear 
envelope disassembly and reassembly before and after 
mitosis on a cellular level.

Additionally, FSs merge the functions (Fig. 1b) of:

(I) recognition sites for the establishment of cell type-
specific transcriptional profiles,

(II) balancing gene expression in a surrounding of tightly 
regulated expression profiles and areas with a low 
threshold towards changing expression—specifically 
in the brain,

(III) recognition sites for the determination and maintenance 
of the nuclear architecture after cell division,

(IV) platforms for non-genetic chromatin marks as reusable 
evolutionary hot spots in subsequent generations and

(V) hot spots for structural variants as a source of diversity 
on an organismal as well as evolutionary level.

Therefore, future studies should address in more detail 
functional and beneficial consequences of FS expression 
with the focus on their caretaker functions. It should be 
asked whether every site that is physically anchored to the 
periphery can indeed result in a mitotic FS and whether FSs 
per se are located at the nuclear periphery in the course of 
cellular differentiation.

Acknowledgements Figure illustration by SciStyle was supported by 
grant number J65 of the IZKF (Interdisziplinäres Zentrum für Klinis-
che Forschung), Jena University Hospital, granted to CP.

Funding Open Access funding enabled and organized by Projekt 
DEAL.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

http://creativecommons.org/licenses/by/4.0/


2101Sites of chromosomal instability in the context of nuclear architecture and function  

1 3

References

 1. Kuilman T, Michaloglou C, Mooi WJ, Peeper DS (2010) The 
essence of senescence. Genes Dev 24(22):2463–2479. https ://doi.
org/10.1101/gad.19716 10

 2. Campisi J (2005) Senescent cells, tumor suppression, and organ-
ismal aging: good citizens, bad neighbors. Cell 120(4):513–522. 
https ://doi.org/10.1016/j.cell.2005.02.003

 3. Baker DJ, Wijshake T, Tchkonia T, LeBrasseur NK, Childs BG, 
van de Sluis B, Kirkland JL, van Deursen JM (2011) Clearance 
of p16Ink4a-positive senescent cells delays ageing-associated dis-
orders. Nature 479(7372):232–236. https ://doi.org/10.1038/natur 
e1060 0

 4. Lindahl T, Barnes DE (2000) Repair of endogenous DNA dam-
age. Cold Spring Harbor Symp quant Biol 65:127–133. https ://
doi.org/10.1101/sqb.2000.65.127

 5. Lindahl T (1993) Instability and decay of the primary structure of 
DNA. Nature 362(6422):709–715. https ://doi.org/10.1038/36270 
9a0

 6. Keightley PD (2012) Rates and fitness consequences of new 
mutations in humans. Genetics 190(2):295–304. https ://doi.
org/10.1534/genet ics.111.13466 8

 7. Palumbo E, Russo A (2019) Common fragile site instability in 
normal cells: lessons and perspectives. Genes Chromosom Cancer 
58(5):260–269. https ://doi.org/10.1002/gcc.22705 

 8. Spies J, Lukas C, Somyajit K, Rask MB, Lukas J, Neelsen KJ 
(2019) 53BP1 nuclear bodies enforce replication timing at under-
replicated DNA to limit heritable DNA damage. Nat Cell Biol 
21(4):487–497. https ://doi.org/10.1038/s4155 6-019-0293-6

 9. Letessier A, Millot GA, Koundrioukoff S, Lachages AM, Vogt N, 
Hansen RS, Malfoy B, Brison O, Debatisse M (2011) Cell-type-
specific replication initiation programs set fragility of the FRA3B 
fragile site. Nature 470(7332):120–123. https ://doi.org/10.1038/
natur e0974 5

 10. Helmrich A, Ballarino M, Tora L (2011) Collisions between rep-
lication and transcription complexes cause common fragile site 
instability at the longest human genes. Mol Cell 44(6):966–977. 
https ://doi.org/10.1016/j.molce l.2011.10.013

 11. Oestergaard VH, Lisby M (2017) Transcription-replication con-
flicts at chromosomal fragile sites-consequences in M phase and 
beyond. Chromosoma 126(2):213–222. https ://doi.org/10.1007/
s0041 2-016-0617-2

 12. Cortez D (2019) Replication-coupled DNA repair. Mol Cell 
74(5):866–876. https ://doi.org/10.1016/j.molce l.2019.04.027

 13. Glover TW, Wilson TE, Arlt MF (2017) Fragile sites in cancer: 
more than meets the eye. Nat Rev Cancer 17(8):489–501. https ://
doi.org/10.1038/nrc.2017.52

 14. Le Tallec B, Koundrioukoff S, Wilhelm T, Letessier A, Brison 
O, Debatisse M (2014) Updating the mechanisms of common 
fragile site instability: how to reconcile the different views? Cell 
Mol Life Sci 71(23):4489–4494. https ://doi.org/10.1007/s0001 
8-014-1720-2

 15. Magenis RE, Hecht F, Lovrien EW (1970) Heritable fragile site 
on chromosome 16: probable localization of haptoglobin locus 
in man. Science 170(3953):85–87. https ://doi.org/10.1126/scien 
ce.170.3953.85

 16. Durkin SG, Glover TW (2007) Chromosome fragile sites. Annu 
Rev Genet 41:169–192. https ://doi.org/10.1146/annur ev.genet 
.41.04200 7.16590 0

 17. Laird CD, Jaffe E, Karpen G, Lamb M, Nelson R (1987) Frag-
ile sites in human chromosomes as regions of late-replicating 
DNA. Trends Genet 3:274–281. https ://doi.org/10.1016/0168-
9525(87)90268 -X

 18. Boteva L, Nozawa R-S, Naughton C, Samejima K, Earnshaw 
WC, Gilbert N (2020) Common fragile sites are characterised by 
faulty condensin loading after replication stress. bioRxiv. https ://
doi.org/10.1101/50871 3 (508713)

 19. O’Keefe RT, Henderson SC, Spector DL (1992) Dynamic organi-
zation of DNA replication in mammalian cell nuclei: spatially 
and temporally defined replication of chromosome-specific alpha-
satellite DNA sequences. J Cell Biol 116(5):1095–1110. https ://
doi.org/10.1083/jcb.116.5.1095

 20. Cremer T, Cremer C (2001) Chromosome territories, nuclear 
architecture and gene regulation in mammalian cells. Nat Rev 
Genet 2(4):292–301. https ://doi.org/10.1038/35066 075

 21. Fritz AJ, Sehgal N, Pliss A, Xu J, Berezney R (2019) Chromosome 
territories and the global regulation of the genome. Gene Chromo-
some Canc 58(7):407–426. https ://doi.org/10.1002/gcc.22732 

 22. Gasser SM (2002) Visualizing chromatin dynamics in interphase 
nuclei. Science 296(5572):1412–1416. https ://doi.org/10.1126/
scien ce.10677 03

 23. Barlow JH, Faryabi RB, Callen E, Wong N, Malhowski A, Chen 
HT, Gutierrez-Cruz G, Sun HW, McKinnon P, Wright G, Casellas 
R, Robbiani DF, Staudt L, Fernandez-Capetillo O, Nussenzweig 
A (2013) Identification of early replicating fragile sites that con-
tribute to genome instability. Cell 152(3):620–632. https ://doi.
org/10.1016/j.cell.2013.01.006

 24. Wang YH, Gellibolian R, Shimizu M, Wells RD, Griffith J (1996) 
Long CCG triplet repeat blocks exclude nucleosomes: a possible 
mechanism for the nature of fragile sites in chromosomes. J Mol 
Biol 263(4):511–516. https ://doi.org/10.1006/jmbi.1996.0593

 25. Bester AC, Roniger M, Oren YS, Im MM, Sarni D, Chaoat M, 
Bensimon A, Zamir G, Shewach DS, Kerem B (2011) Nucleotide 
deficiency promotes genomic instability in early stages of cancer 
development. Cell 145(3):435–446. https ://doi.org/10.1016/j.
cell.2011.03.044

 26. Jones R, Mortusewicz O, Afzal I, Lorvellec M, Garcia P, Helle-
day T, Petermann E (2013) Increased replication initiation and 
conflicts with transcription underlie Cyclin E-induced replica-
tion stress. Oncogene 32(32):3744–3753. https ://doi.org/10.1038/
onc.2012.387

 27. Bartek J, Bartkova J, Lukas J (2007) DNA damage signal-
ling guards against activated oncogenes and tumour progres-
sion. Oncogene 26(56):7773–7779. https ://doi.org/10.1038/
sj.onc.12108 81

 28. Halazonetis TD, Gorgoulis VG, Bartek J (2008) An oncogene-
induced DNA damage model for cancer development. Science 
319(5868):1352–1355. https ://doi.org/10.1126/scien ce.11407 35

 29. Freudenreich CH (2007) Chromosome fragility: molecular mech-
anisms and cellular consequences. Front Biosci 12:4911–4924. 
https ://doi.org/10.2741/2437

 30. Ozeri-Galai E, Lebofsky R, Rahat A, Bester AC, Bensimon A, 
Kerem B (2011) Failure of origin activation in response to fork 
stalling leads to chromosomal instability at fragile sites. Mol Cell 
43(1):122–131. https ://doi.org/10.1016/j.molce l.2011.05.019

 31. Irony-Tur Sinai M, Kerem B (2018) DNA replication stress 
drives fragile site instability. Mutat Res 808:56–61. https ://doi.
org/10.1016/j.mrfmm m.2017.10.002

 32. Kaushal S, Freudenreich CH (2019) The role of fork stalling and 
DNA structures in causing chromosome fragility. Gene Chromo-
some Canc 58(5):270–283. https ://doi.org/10.1002/gcc.22721 

 33. Brison O, El-Hilali S, Azar D, Koundrioukoff S, Schmidt M, 
Nähse V, Jaszczyszyn Y, Lachages A-M, Dutrillaux B, Thermes 
C, Debatisse M, Chen C-L (2019) Transcription-mediated organi-
zation of the replication initiation program across large genes sets 
common fragile sites genome-wide. Nat Commun 10(1):1–12. 
https ://doi.org/10.1038/s4146 7-019-13674 -5

https://doi.org/10.1101/gad.1971610
https://doi.org/10.1101/gad.1971610
https://doi.org/10.1016/j.cell.2005.02.003
https://doi.org/10.1038/nature10600
https://doi.org/10.1038/nature10600
https://doi.org/10.1101/sqb.2000.65.127
https://doi.org/10.1101/sqb.2000.65.127
https://doi.org/10.1038/362709a0
https://doi.org/10.1038/362709a0
https://doi.org/10.1534/genetics.111.134668
https://doi.org/10.1534/genetics.111.134668
https://doi.org/10.1002/gcc.22705
https://doi.org/10.1038/s41556-019-0293-6
https://doi.org/10.1038/nature09745
https://doi.org/10.1038/nature09745
https://doi.org/10.1016/j.molcel.2011.10.013
https://doi.org/10.1007/s00412-016-0617-2
https://doi.org/10.1007/s00412-016-0617-2
https://doi.org/10.1016/j.molcel.2019.04.027
https://doi.org/10.1038/nrc.2017.52
https://doi.org/10.1038/nrc.2017.52
https://doi.org/10.1007/s00018-014-1720-2
https://doi.org/10.1007/s00018-014-1720-2
https://doi.org/10.1126/science.170.3953.85
https://doi.org/10.1126/science.170.3953.85
https://doi.org/10.1146/annurev.genet.41.042007.165900
https://doi.org/10.1146/annurev.genet.41.042007.165900
https://doi.org/10.1016/0168-9525(87)90268-X
https://doi.org/10.1016/0168-9525(87)90268-X
https://doi.org/10.1101/508713
https://doi.org/10.1101/508713
https://doi.org/10.1083/jcb.116.5.1095
https://doi.org/10.1083/jcb.116.5.1095
https://doi.org/10.1038/35066075
https://doi.org/10.1002/gcc.22732
https://doi.org/10.1126/science.1067703
https://doi.org/10.1126/science.1067703
https://doi.org/10.1016/j.cell.2013.01.006
https://doi.org/10.1016/j.cell.2013.01.006
https://doi.org/10.1006/jmbi.1996.0593
https://doi.org/10.1016/j.cell.2011.03.044
https://doi.org/10.1016/j.cell.2011.03.044
https://doi.org/10.1038/onc.2012.387
https://doi.org/10.1038/onc.2012.387
https://doi.org/10.1038/sj.onc.1210881
https://doi.org/10.1038/sj.onc.1210881
https://doi.org/10.1126/science.1140735
https://doi.org/10.2741/2437
https://doi.org/10.1016/j.molcel.2011.05.019
https://doi.org/10.1016/j.mrfmmm.2017.10.002
https://doi.org/10.1016/j.mrfmmm.2017.10.002
https://doi.org/10.1002/gcc.22721
https://doi.org/10.1038/s41467-019-13674-5


2102 C. Pentzold et al.

1 3

 34. Branzei D, Foiani M (2010) Maintaining genome stability at the 
replication fork. Nat Rev Mol Cell Biol 11(3):208–219. https ://
doi.org/10.1038/nrm28 52

 35. Helmrich A, Ballarino M, Nudler E, Tora L (2013) Transcrip-
tion-replication encounters, consequences and genomic instabil-
ity. Nat Struct Mol Biol 20(4):412–418. https ://doi.org/10.1038/
nsmb.2543

 36. Wilson TE, Arlt MF, Park SH, Rajendran S, Paulsen M, Ljung-
man M, Glover TW (2015) Large transcription units unify copy 
number variants and common fragile sites arising under replica-
tion stress. Genome Res 25(2):189–200. https ://doi.org/10.1101/
gr.17712 1.114

 37. Shao X, Joergensen AM, Howlett NG, Lisby M, Oestergaard VH 
(2020) A distinct role for recombination repair factors in an early 
cellular response to transcription–replication conflicts. Nucleic 
Acids Res 48(10):5467–5484. https ://doi.org/10.1093/nar/gkaa2 
68

 38. Jiang Y, Lucas I, Young DJ, Davis EM, Karrison T, Rest JS, Le 
Beau MM (2009) Common fragile sites are characterized by his-
tone hypoacetylation. Hum Mol Genet 18(23):4501–4512. https 
://doi.org/10.1093/hmg/ddp41 0

 39. House NC, Koch MR, Freudenreich CH (2014) Chromatin modi-
fications and DNA repair: beyond double-strand breaks. Front 
Genet 5:296. https ://doi.org/10.3389/fgene .2014.00296 

 40. Zullo JM, Demarco IA, Piqué-Regi R, Gaffney DJ, Epstein CB, 
Spooner CJ, Luperchio TR, Bernstein BE, Pritchard JK, Reddy 
KL (2012) DNA sequence-dependent compartmentalization and 
silencing of chromatin at the nuclear lamina. Cell 149(7):1474–
1487. https ://doi.org/10.1016/j.cell.2012.04.035

 41. van Steensel B, Belmont AS (2017) Lamina-associated domains: 
links with chromosome architecture, heterochromatin, and gene 
repression. Cell 169(5):780–791. https ://doi.org/10.1016/j.
cell.2017.04.022

 42. Guelen L, Pagie L, Brasset E, Meuleman W, Faza MB, Talhout 
W, Eussen BH, de Klein A, Wessels L, de Laat W, van Steensel B 
(2008) Domain organization of human chromosomes revealed by 
mapping of nuclear lamina interactions. Nature 453(7197):948–
951. https ://doi.org/10.1038/natur e0694 7

 43. Strasak L, Bartova E, Harnicarova A, Galiova G, Krejci J, 
Kozubek S (2009) H3K9 acetylation and radial chromatin posi-
tioning. J Cell Physiol 220(1):91–101. https ://doi.org/10.1002/
jcp.21734 

 44. Harr JC, Luperchio TR, Wong X, Cohen E, Wheelan SJ, Reddy 
KL (2015) Directed targeting of chromatin to the nuclear lamina 
is mediated by chromatin state and A-type lamins. J Cell Biol 
208(1):33–52. https ://doi.org/10.1083/jcb.20140 5110

 45. Reddy K, Zullo J, Bertolino E, Singh H (2008) Transcriptional 
repression mediated by repositioning of genes to the nuclear lam-
ina. Nature 452(7184):243. https ://doi.org/10.1038/natur e0672 7

 46. Blin M, Le Tallec B, Naehse V, Schmidt M, Brossas C, Millot 
GA, Prioleau M-N, Debatisse M (2019) Transcription-dependent 
regulation of replication dynamics modulates genome stability. 
Nat Struct Mol Biol 26(1):58–66. https ://doi.org/10.1038/s4159 
4-018-0170-1

 47. Lund E, Oldenburg AR, Delbarre E, Freberg CT, Duband-Goulet 
I, Eskeland R, Buendia B, Collas P (2013) Lamin A/C-promoter 
interactions specify chromatin state-dependent transcription out-
comes. Genome Res 23(10):1580–1589. https ://doi.org/10.1101/
gr.15940 0.113

 48. Smith DI, Zhu Y, McAvoy S, Kuhn R (2006) Common frag-
ile sites, extremely large genes, neural development and can-
cer. Cancer Lett 232(1):48–57. https ://doi.org/10.1016/j.canle 
t.2005.06.049

 49. Zhang H, Freudenreich CH (2007) An AT-rich sequence in 
human common fragile site FRA16D causes fork stalling and 

chromosome breakage in S. cerevisiae. Mol Cell 27(3):367–379. 
https ://doi.org/10.1016/j.molce l.2007.06.012

 50. Le Tallec B, Millot GA, Blin ME, Brison O, Dutrillaux B, Deba-
tisse M (2013) Common fragile site profiling in epithelial and 
erythroid cells reveals that most recurrent cancer deletions lie in 
fragile sites hosting large genes. Cell Rep 4(3):420–428. https ://
doi.org/10.1016/j.celre p.2013.07.003

 51. Meuleman W, Peric-Hupkes D, Kind J, Beaudry JB, Pagie L, Kel-
lis M, Reinders M, Wessels L, van Steensel B (2013) Constitu-
tive nuclear lamina-genome interactions are highly conserved and 
associated with A/T-rich sequence. Genome Res 23(2):270–280. 
https ://doi.org/10.1101/gr.14102 8.112

 52. Gao G, Smith DI (2014) Very large common fragile site genes 
and their potential role in cancer development. Cell Mol Life Sci 
71(23):4601–4615. https ://doi.org/10.1007/s0001 8-014-1753-6

 53. Pentzold C, Shah SA, Hansen NR, Le Tallec B, Seguin-Orlando 
A, Debatisse M, Lisby M, Oestergaard VH (2018) FANCD2 bind-
ing identifies conserved fragile sites at large transcribed genes 
in avian cells. Nucleic Acids Res 46(3):1280–1294. https ://doi.
org/10.1093/nar/gkx12 60

 54. Pickersgill H, Kalverda B, de Wit E, Talhout W, Fornerod M, 
van Steensel B (2006) Characterization of the Drosophila mela-
nogaster genome at the nuclear lamina. Nat Genet 38(9):1005–
1014. https ://doi.org/10.1038/ng185 2

 55. Buchwalter A, Kaneshiro JM, Hetzer MW (2019) Coaching from 
the sidelines: the nuclear periphery in genome regulation. Nat Rev 
Genet 20(1):39–50. https ://doi.org/10.1038/s4157 6-018-0063-5

 56. Nguyen GH, Bouchard J, Boselli MG, Tolstoi LG, Keith L, Bald-
win C, Nguyen NC, Schultz M, Herrera VL, Smith CL (2003) 
DNA stability and schizophrenia in twins. Am J Med Genet B 
Neuropsychiatr Genet 120B(1):1–10. https ://doi.org/10.1002/
ajmg.b.20010 

 57. Smith CL, Bolton A, Nguyen G (2010) Genomic and epigenomic 
instability, fragile sites, schizophrenia and autism. Curr Genomics 
11(6):447–469. https ://doi.org/10.2174/13892 02107 93176 001

 58. Hansen RS, Thomas S, Sandstrom R, Canfield TK, Thurman RE, 
Weaver M, Dorschner MO, Gartler SM, Stamatoyannopoulos JA 
(2010) Sequencing newly replicated DNA reveals widespread 
plasticity in human replication timing. Proc Natl Acad Sci USA 
107(1):139–144. https ://doi.org/10.1073/pnas.09124 02107 

 59. Koren A, Handsaker Robert E, Kamitaki N, Karlić R, Ghosh S, 
Polak P, Eggan K, McCarroll Steven A (2014) Genetic variation 
in human DNA replication timing. Cell 159(5):1015–1026. https 
://doi.org/10.1016/j.cell.2014.10.025

 60. Kaiser VB, Semple CA (2018) Chromatin loop anchors are associ-
ated with genome instability in cancer and recombination hotspots 
in the germline. Genome Biol 19(1):101. https ://doi.org/10.1186/
s1305 9-018-1483-4

 61. Sun J, Shi Y, Yildirim E (2019) The nuclear pore complex in 
cell type-specific chromatin structure and gene regulation. Trends 
Genet 35(8):579–588. https ://doi.org/10.1016/j.tig.2019.05.006

 62. Lamm N, Masamsetti VP, Read MN, Biro M, Cesare AJ (2018) 
ATR and mTOR regulate F-actin to alter nuclear architecture and 
repair replication stress. bioRxiv. https ://doi.org/10.1101/45170 8 
(451708)

 63. Minocherhomji S, Ying S, Bjerregaard VA, Bursomanno S, 
Aleliunaite A, Wu W, Mankouri HW, Shen H, Liu Y, Hickson 
ID (2015) Replication stress activates DNA repair synthesis in 
mitosis. Nature 528(7581):286–290. https ://doi.org/10.1038/natur 
e1613 9

 64. Ozer O, Hickson ID (2018) Pathways for maintenance of telom-
eres and common fragile sites during DNA replication stress. 
Open Biol 8:4. https ://doi.org/10.1098/rsob.18001 8

 65. Mehta IS, Kulashreshtha M, Chakraborty S, Kolthur-Seetharam 
U, Rao BJ (2013) Chromosome territories reposition during DNA 

https://doi.org/10.1038/nrm2852
https://doi.org/10.1038/nrm2852
https://doi.org/10.1038/nsmb.2543
https://doi.org/10.1038/nsmb.2543
https://doi.org/10.1101/gr.177121.114
https://doi.org/10.1101/gr.177121.114
https://doi.org/10.1093/nar/gkaa268
https://doi.org/10.1093/nar/gkaa268
https://doi.org/10.1093/hmg/ddp410
https://doi.org/10.1093/hmg/ddp410
https://doi.org/10.3389/fgene.2014.00296
https://doi.org/10.1016/j.cell.2012.04.035
https://doi.org/10.1016/j.cell.2017.04.022
https://doi.org/10.1016/j.cell.2017.04.022
https://doi.org/10.1038/nature06947
https://doi.org/10.1002/jcp.21734
https://doi.org/10.1002/jcp.21734
https://doi.org/10.1083/jcb.201405110
https://doi.org/10.1038/nature06727
https://doi.org/10.1038/s41594-018-0170-1
https://doi.org/10.1038/s41594-018-0170-1
https://doi.org/10.1101/gr.159400.113
https://doi.org/10.1101/gr.159400.113
https://doi.org/10.1016/j.canlet.2005.06.049
https://doi.org/10.1016/j.canlet.2005.06.049
https://doi.org/10.1016/j.molcel.2007.06.012
https://doi.org/10.1016/j.celrep.2013.07.003
https://doi.org/10.1016/j.celrep.2013.07.003
https://doi.org/10.1101/gr.141028.112
https://doi.org/10.1007/s00018-014-1753-6
https://doi.org/10.1093/nar/gkx1260
https://doi.org/10.1093/nar/gkx1260
https://doi.org/10.1038/ng1852
https://doi.org/10.1038/s41576-018-0063-5
https://doi.org/10.1002/ajmg.b.20010
https://doi.org/10.1002/ajmg.b.20010
https://doi.org/10.2174/138920210793176001
https://doi.org/10.1073/pnas.0912402107
https://doi.org/10.1016/j.cell.2014.10.025
https://doi.org/10.1016/j.cell.2014.10.025
https://doi.org/10.1186/s13059-018-1483-4
https://doi.org/10.1186/s13059-018-1483-4
https://doi.org/10.1016/j.tig.2019.05.006
https://doi.org/10.1101/451708
https://doi.org/10.1038/nature16139
https://doi.org/10.1038/nature16139
https://doi.org/10.1098/rsob.180018


2103Sites of chromosomal instability in the context of nuclear architecture and function  

1 3

damage-repair response. Genome Biol 14(12):R135. https ://doi.
org/10.1186/gb-2013-14-12-r135

 66. Guenole A, Legube G (2017) A meeting at risk: unrepaired 
DSBs go for broke. Nucleus 8(6):589–599. https ://doi.
org/10.1080/19491 034.2017.13801 38

 67. Schrank B, Gautier J (2019) Assembling nuclear domains: les-
sons from DNA repair. J Cell Biol 218(8):2444–2455. https ://doi.
org/10.1083/jcb.20190 4202

 68. Zlotorynski E, Rahat A, Skaug J, Ben-Porat N, Ozeri E, Her-
shberg R, Levi A, Scherer SW, Margalit H, Kerem B (2003) 
Molecular basis for expression of common and rare fragile 
sites. Mol Cell Biol 23(20):7143–7151. https ://doi.org/10.1128/
mcb.23.20.7143-7151.2003

 69. Spielmann M, Lupianez DG, Mundlos S (2018) Structural varia-
tion in the 3D genome. Nat Rev Genet 19(7):453–467. https ://doi.
org/10.1038/s4157 6-018-0007-0

 70. Lang FC, Li X, Zheng WH, Li ZR, Lu DF, Chen GJ, Gong DH, 
Yang LP, Fu JL, Shi P, Zhou JM (2017) CTCF prevents genomic 
instability by promoting homologous recombination-directed 
DNA double-strand break repair. Proc Natl Acad Sci USA 
114(41):10912–10917. https ://doi.org/10.1073/pnas.17040 76114 

 71. Peric-Hupkes D, Meuleman W, Pagie L, Bruggeman SW, Solovei 
I, Brugman W, Graf S, Flicek P, Kerkhoven RM, van Lohuizen M, 
Reinders M, Wessels L, van Steensel B (2010) Molecular maps of 
the reorganization of genome-nuclear lamina interactions during 
differentiation. Mol Cell 38(4):603–613. https ://doi.org/10.1016/j.
molce l.2010.03.016

 72. Kosak ST, Skok JA, Medina KL, Riblet R, Le Beau MM, Fisher 
AG, Singh H (2002) Subnuclear compartmentalization of 
immunoglobulin loci during lymphocyte development. Science 
296(5565):158–162. https ://doi.org/10.1126/scien ce.10687 68

 73. Zink D, Amaral MD, Englmann A, Lang S, Clarke LA, Rudolph 
C, Alt F, Luther K, Braz C, Sadoni N, Rosenecker J, Schindel-
hauer D (2004) Transcription-dependent spatial arrangements 
of CFTR and adjacent genes in human cell nuclei. J Cell Biol 
166(6):815–825. https ://doi.org/10.1083/jcb.20040 4107

 74. Hansen AS, Cattoglio C, Darzacq X, Tjian R (2018) Recent 
evidence that TADs and chromatin loops are dynamic struc-
tures. Nucleus 9(1):20–32. https ://doi.org/10.1080/19491 
034.2017.13893 65

 75. Guttinger S, Laurell E, Kutay U (2009) Orchestrating nuclear 
envelope disassembly and reassembly during mitosis. Nat Rev 
Mol Cell Biol 10(3):178–191. https ://doi.org/10.1038/nrm26 41

 76. Kumaran RI, Spector DL (2008) A genetic locus targeted to the 
nuclear periphery in living cells maintains its transcriptional 
competence. J Cell Biol 180(1):51–65. https ://doi.org/10.1083/
jcb.20070 6060

 77. Guadarrama-Ponce R, Aranda-Anzaldo A (2020) The epicenter 
of chromosomal fragility of Fra14A2, the mouse ortholog of 
human FRA3B common fragile site, is largely attached to the 
nuclear matrix in lymphocytes but not in other cell types that do 
not express such a fragility. J Cell Biochem 121(3):2209–2224. 
https ://doi.org/10.1002/jcb.29444 

 78. Pienta KJ, Coffey DS (1985) The nuclear matrix: an organizing 
structure for the interphase nucleus and chromosome. In: Nicolini 
C, Ts’o POP (eds) Structure and function of the genetic apparatus. 
NATO ASI Series (Series A: Life Sciences), vol 98. Springer, 
Boston, MA. https ://doi.org/10.1007/978-1-4684-5024-8_6

 79. Keszthelyi A, Minchell NE, Baxter J (2016) The causes and con-
sequences of topological stress during DNA replication. Genes 
7(12):134. https ://doi.org/10.3390/genes 71201 34

 80. Szczepinska T, Rusek AM, Plewczynski D (2019) Intermingling 
of chromosome territories. Gene Chromosome Canc 58(7):500–
506. https ://doi.org/10.1002/gcc.22736 

 81. Bermejo R, Kumar A, Foiani M (2012) Preserving the genome 
by regulating chromatin association with the nuclear envelope. 
Trends Cell Biol 22(9):465–473. https ://doi.org/10.1016/j.
tcb.2012.05.007

 82. Nagashima R, Hibino K, Ashwin SS, Babokhov M, Fujishiro 
S, Imai R, Nozaki T, Tamura S, Tani T, Kimura H, Shribak M, 
Kanemaki MT, Sasai M, Maeshima K (2019) Single nucleosome 
imaging reveals loose genome chromatin networks via active 
RNA polymerase II. J Cell Biol 218(5):1511–1530. https ://doi.
org/10.1083/jcb.20181 1090

 83. Debatisse M, Rosselli F (2019) A journey with common frag-
ile sites: from S phase to telophase. Genes Chromosom Cancer 
58(5):305–316. https ://doi.org/10.1002/gcc.22704 

 84. Lin MS, Takabayashi T, Wilson MG, Marchese CA (1984) An 
in vitro and in vivo study of a BrdU-sensitive fragile site in the 
Chinese hamster. Cytogenet Cell Genet 38(3):211–215. https ://
doi.org/10.1159/00013 2062

 85. Sanz MM, Jenkins EC, Brown WT, Davisson MT, Kevin MJ, 
Roderick TH, Silverman WP, Wisniewski HM (1986) Mouse 
chromosome fragility. Am J Med Genet 23(1–2):491–509. https 
://doi.org/10.1002/ajmg.13202 30141 

 86. Smeets DF, van de Klundert FA (1990) Common fragile sites in 
man and three closely related primate species. Cytogenet Cell 
Genet 53(1):8–14. https ://doi.org/10.1159/00013 2885

 87. Helmrich A, Stout-Weider K, Hermann K, Schrock E, Heiden T 
(2006) Common fragile sites are conserved features of human and 
mouse chromosomes and relate to large active genes. Genome Res 
16(10):1222–1230. https ://doi.org/10.1101/gr.53355 06

 88. Gerbault-Seureau M, Fuchs J, Dutrillaux B (2019) High BrdU 
sensitivity of Passeriformes chromosomes: conservation of 
BrdU-sensitive fragile sites on their Z chromosomes during 
evolution. Cytogenet Genome Res 157(3):158–165. https ://doi.
org/10.1159/00049 9590

 89. Dutrillaux AM, Carton B, Cacheux L, Dutrillaux B (2016) Inter-
stitial NORs, fragile sites, and chromosome evolution: a not so 
simple relationship-the example of Melolontha melolontha and 
genus Protaetia (Coleoptera: Scarabaeidae). Cytogenet Genome 
Res 149(4):304–311. https ://doi.org/10.1159/00044 8931

 90. Cha RS, Kleckner N (2002) ATR homolog Mec1 promotes fork 
progression, thus averting breaks in replication slow zones. Sci-
ence 297(5581):602–606. https ://doi.org/10.1126/scien ce.10713 
98

 91. Dela Paz JS, Stronghill PE, Douglas SJ, Saravia S, Hasenkampf 
CA, Riggs CD (2012) Chromosome fragile sites in Arabidop-
sis harbor matrix attachment regions that may be associated 
with ancestral chromosome rearrangement events. PLoS Genet 
8(12):e1003136. https ://doi.org/10.1371/journ al.pgen.10031 36

 92. Rocha LC, Silva GA, Bustamante FO, Silveira RA, Mittlemann A, 
Techio VH (2017) Dynamics of 45S rDNA sites in the cell cycle: 
fragile sites and chromosomal stability in Lolium and Festuca. 
Genet Mol Res 16:1. https ://doi.org/10.4238/gmr16 01915 6

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1186/gb-2013-14-12-r135
https://doi.org/10.1186/gb-2013-14-12-r135
https://doi.org/10.1080/19491034.2017.1380138
https://doi.org/10.1080/19491034.2017.1380138
https://doi.org/10.1083/jcb.201904202
https://doi.org/10.1083/jcb.201904202
https://doi.org/10.1128/mcb.23.20.7143-7151.2003
https://doi.org/10.1128/mcb.23.20.7143-7151.2003
https://doi.org/10.1038/s41576-018-0007-0
https://doi.org/10.1038/s41576-018-0007-0
https://doi.org/10.1073/pnas.1704076114
https://doi.org/10.1016/j.molcel.2010.03.016
https://doi.org/10.1016/j.molcel.2010.03.016
https://doi.org/10.1126/science.1068768
https://doi.org/10.1083/jcb.200404107
https://doi.org/10.1080/19491034.2017.1389365
https://doi.org/10.1080/19491034.2017.1389365
https://doi.org/10.1038/nrm2641
https://doi.org/10.1083/jcb.200706060
https://doi.org/10.1083/jcb.200706060
https://doi.org/10.1002/jcb.29444
https://doi.org/10.1007/978-1-4684-5024-8_6
https://doi.org/10.3390/genes7120134
https://doi.org/10.1002/gcc.22736
https://doi.org/10.1016/j.tcb.2012.05.007
https://doi.org/10.1016/j.tcb.2012.05.007
https://doi.org/10.1083/jcb.201811090
https://doi.org/10.1083/jcb.201811090
https://doi.org/10.1002/gcc.22704
https://doi.org/10.1159/000132062
https://doi.org/10.1159/000132062
https://doi.org/10.1002/ajmg.1320230141
https://doi.org/10.1002/ajmg.1320230141
https://doi.org/10.1159/000132885
https://doi.org/10.1101/gr.5335506
https://doi.org/10.1159/000499590
https://doi.org/10.1159/000499590
https://doi.org/10.1159/000448931
https://doi.org/10.1126/science.1071398
https://doi.org/10.1126/science.1071398
https://doi.org/10.1371/journal.pgen.1003136
https://doi.org/10.4238/gmr16019156

	Sites of chromosomal instability in the context of nuclear architecture and function
	Abstract
	Chromosomal fragile sites within the replicative landscape of the nucleus
	The dilemma of cellular division
	Impaired replication causes chromosomal fragility
	Grouping chromosomal fragile sites
	How the nuclear interphase architecture might inform about chromosomal fragility

	Chromosomal fragility—mitotic instability tracing back to nuclear positioning during interphase
	The role of transcription in replicatively challenged genomic regions
	The putative link between the nuclear periphery and FS manifestation

	The nuclear architecture is a main driver of chromosomal organization, regulation and stability
	The relation of FSs and nuclear pore complexes
	Anchor points at the nuclear lamina as potential sources of fragility
	Evidence for fragility due to nuclear matrix attachment
	Nuclear lamina-associated FSs have a balancer role in cell development and evolution

	Conclusion, main messages and future perspectives
	Acknowledgements 
	References




