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Centromeres are the complex structures responsible for the proper segregation of chromosomes during cell division.

Structural or functional alterations of the centromere cause aneuploidies and other chromosomal aberrations that can

induce cell death with consequences on health and survival of the organism as a whole. Because of their essential

function in the cell, centromeres have evolved high flexibility and mechanisms of tolerance to preserve their function

following stress, whether it is originating from within or outside the cell.Despite the differences in DNA sequences, protein

composition and centromere size, all of these diverse centromere structures promote efficient chromosome segregation,

balancing genome stability and adaptability, and ensuring faithful genome inheritance at each cellular generation.
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1. Introduction

Centromeres are specialized chromatin regions that establish the assembly site for the kinetochore, a complex protein

structure that mediates the attachment of spindle microtubules to chromosomes, thus permitting proper chromosome

segregation during cell division. In all organisms studied thus far, it has been shown that no DNA sequence is either

necessary or sufficient for centromere identity. The only known exception is Saccharomyces cerevisiae, whose

centromeres are specified by a conserved 125-bp sequence (reviewed in ). Instead, centromeres are defined by the

deposition of the histone H3 variant centromeric protein A (CENP-A) that replaces canonical histone H3 in centromeric

nucleosomes . CENP-A chromatin underlies the formation of the constitutive centromere-associated network

(CCAN) , and in mitosis, serves as a template for assembly of the kinetochore to enable the chromosome for the

correct segregation . CENP-A is recruited at different stages of the cell cycle depending on the organism but, unlike

canonical histones, its loading is uncoupled from DNA replication . In human cells, CENP-A deposition occurs in late

telophase or early G1 . In Drosophila, Cid (homolog of CENP-A) is incorporated at different times depending on

developmental stage and on the specific cellular culture, but it is generally also found to be loaded in late mitosis/early G1

. In S. pombe on the other hand, CENP-A homolog is incorporated during G2 . Although centromere DNA

sequences are not conserved between species, and in some cases not even between centromeres of the same species,

they generally contain DNA rich in repeated sequences, in particular tandem satellite DNA such as human alpha-satellite

that can extend for mega bases, or SATIII as seen in Drosophila and in humans. Recent works have shown the

centromeric presence of mobile elements, specifically retrotransposons, in several species including Drosophila, ,

humans  and maize , probably contribute to the establishment and maintenance of eukaryotic centromeres while

promoting their variability (reviewed in ).

2. Centromere Flexibility in Response to Stress

Because of their essential function in the cell, centromeres may have evolved high flexibility and mechanisms of tolerance

to preserve their functionality following stress originating from within or outside the cell. Indeed, substantial changes in

centromere integrity and overall size can cause chromosome aneuploidy, segregation and structural defects (reviewed in

) that can induce cell death with consequences on health and survival of the organism as a whole. DNA damage to the

centromere may have multiple origins (reviewed in ). First of all, centromeres are subjected to mechanical stress during

anaphase due to the microtubules that pull them towards the poles. Moreover, it has been proposed that alterations of the

mitotic spindle are a possible cause of segregation and structural defects. In addition, spindle defects, that expose

chromosomes to excessive forces, can generate centromeric double-strand breaks (DSBs), possibly leading to

carcinogenesis . Defects in DNA replication is another possible cause of stress for centromeres (reviewed in ).

Because of their repetitive nature, the centromeric chromatin forms complex secondary structures , representing a

problem during replication and inducing a stalled fork. This could make this region prone to replication errors and

recombination events that disrupt the integrity or structure of the centromere, causing aneuploidy (reviewed in ). The

centromere also responds to stimuli that reach the cell from the external environment. Any perturbing agent that changes
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the cellular microenvironment can be considered a source of stress and potentially harmful to the centromere’s essential

function. Stressing factors can be both abiotic, such as heat, cold, UV light, heavy metals etc. , and biotic, such

as parasites and infectious agents. Physiological changes derived from development and differentiation are also

underlined by profound epigenetic and transcriptional transitions that contribute to diverse forms of stress for the cell .

Stressors that directly challenge the integrity of the genome by generating DNA damage or perturbing the DNA replication

process can also impinge on centromeres. Notably, centromere DNA instability has also been associated with cancer and

cellular senescence . In the last years, several studies on different organisms have shown that heat shock induces

transcriptional activation of centromeric and pericentromeric regions  (reviewed in ). Nevertheless,

both centromeric and pericentromeric transcripts, with or without induction by external agents, have been implicated in

various cellular functions, such as the transmission of epigenetic information, differentiation, and the cellular defense to

stress  (reviewed in ). It is also widely assumed that transcription is a process closely related to the

centromeric function in several organisms, including fission yeast , humans , and Drosophila , and that it

is particularly associated with CENP-A deposition . Indeed, it has been supposed that transcription is coupled

to CENP-A loading and that it is required for CENP-A deposition into centromeric chromatin. In addition to repetitive

satellite sequences, transposable elements (TEs) are abundant components of (peri)centromeric heterochromatin, as

shown in humans  and Drosophila . Centromeric TEs, in addition to satellite sequences, have also been shown

to be transcribed  (reviewed in ). Some models have been proposed where retrotransposons could produce

non-coding RNAs with a role in the centromere specification . In Drosophila, but also in human cells, the analysis on

immunostained chromatin fibers has shown a clear presence of H3K4me2 and H3K36me, typically associated with active

chromatin in Cid (CENP-A in Drosophila) labeled centromeric chromatin, and of H3K9me3, a repressive histone marker in

adjacent heterochromatin . Recent studies have demonstrated that transcriptional activators of euchromatic genes

belonging to the trx-G group, in particular Trithorax (Trx), Ash1 and CBP, co-localize with Cid-containing chromatin .

Ash1 and CBP depletion through post-transcriptional silencing of the respective coding genes causes a decrease in Cid at

the centromere and a significant increase in chromosomal aberrations at all phases of mitosis, such as decondensation,

lagging chromosomes and the generation of chromosomal fragments. Instead, Trx depletion causes the same

chromosomal aberrations without affecting the overall level of Cid protein. Immunofluorescence analysis using antibodies

against H3 histone has shown that Trx functions open up the chromatin, making it accessible to transcription factors. In

fact, Trx depletion induces a compaction of the centromeric chromatin with a higher concentration of H3-containing

nucleosomes. Ash1 and CBP are transcriptional activators which work through histone modifications. In particular, Ash1

methylates H3K4me2 and CBP acetylates H3K27ac at the centromere. Both modifications are specific for active

chromatin and their decrease is related to a depletion of Cid . It has been proposed that a balance between methylation

and acetylation could create an epigenetic environment that favors Cid deposition . Alternatively, it could be

hypothesized that the activating epigenetic modifications have the function of preserving a euchromatic region inside the

heterochromatic domain necessary for CENP-A/Cid loading (Figure 1). Whichever the mechanism, the failure to open the

centromeric chromatin is incompatible with Cid deposition. It is not known whether the euchromatic epigenetic

environment directly favors the Cid deposition through recruitment of Cal1 chaperone or whether it favors the transcription

of centromeric sequences such as Sat III or centromeric transposons, which in turn are required for Cid deposition.

Disentangling these two roles would be an important issue to address.
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Figure 1. Schematic representation of the functional role of Ash1, CBP, and Trx proteins in the centromeric region. These

proteins work by modifying the epigenetic state of the centromeric chromatin. In particular, on H3 histones, Ash1

dimethylates lysine 4 (H3K4me2) and CBP acetylates lysine 27 (H3K27ac) within the centromeric region. Trx works by

inducing chromatin opening which, in turn, favours both CENP-A/Cid deposition and activation of transcription.

It has been shown that Sat III in both Drosophila and mammals, and centromeric transposons, are weakly transcribed 

, but it is not clear what their role in centromeric function could be. There is also the possibility that centromeres’ basal

transcription is not causative but a mere consequence of the chromatin opening for Cid/CENP-A loading, without holding

being necessary for centromeric functionality. However, given several studies have shown that the direct inhibition of

centromeric RNAs causes overall reduction in CENP-A at centromeres , the alternative

possibility would imply that transcription may be a consequence of chromatin opening, while transcription products play a

direct role in CENP-A deposition and centromeric stability. Despite the differences in DNA sequences, proteins

composition and centromere size, all of these diverse centromere structures promote efficient chromosome segregation,

balancing genome stability and adaptability, and ensuring faithful genome inheritance at each cellular generation.

3. Neocentromere as a Functional and Evolutionary Model for Centromere
Biology

How and why neocentromeres appear in a given chromosome region are intriguing questions. It has been proposed that

de novo centromeres might represent different scenarios: “latent” centromeres , which are locations of ancestral

centromeres following centromere repositioning events , (reviewed in ), or euchromatic regions, where centromeric

markers have spread from adjacent areas, inducing neocentromere formation near endogenous centromeres. Some

studies in Drosophila support the model that formation of the neocentromere may depend on the proximity to an

endogenous centromere. However, some observations suggest that neocentromeres are often formed in distal

chromosomal regions, usually separated from endogenous centromeres by long tracts of DNA, and they cannot be

explained as formed by the spread of centromeric activity in cis .   A different model for neocentromere formation called

the “lateral inhibition model”  supports the existence of many sites along a chromosome that are potentially able to

perform centromeric activity, but that are normally repressed by a dominant centromere. It has been shown that a

neocentromere is capable of forming near telomeres at the end of the chromosome . This substantiates the hypothesis

formulated by Agudo et al.  (reviewed in ) that the centromere evolved from telomere during the evolutionary origin

of the eukaryotic chromosome. Recently, Palladino et al.  has shown that targeting Cal1 to chromosomal regions

outside the original centromere induces the deposition of Cid and the formation of a new centromere at different locations,

even at large genomic distance from the endogenous site. Zeitlin et al.  speculated that a neocentromere could emerge

at site of breaks, following the observation that CENP-A is rapidly recruited to DNA double-strand breaks. This point of

view is also supported by Ventura et al. , who noticed the closeness of the breakpoint to the neocentromere location in

some studies. It has been shown that CENP-A is produced in excess of the needs for centromeres and that it is deposited
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around the original centromere and on islands of nucleosomes scattered along the chromosomes , only to be

cleared during replication . It is possible that some of these islands accumulate a quantity of CENP-A that

predisposes them to acquire a potential centromeric function in case the endogenous centromere is damaged. In this

case, not all chromosomal regions are equally and simultaneously predisposed to acquire a centromeric activity. Another

mode of neocentromere formation may involve transposable elements (TE). Notably, stress induces the activation of TE,

causing their transposition to new locations . It is then possible that following chromosomal insult or

rearrangements, a single TE may be sufficient to initiate CENP-A recruitment via its nascent transcription, breaks

generation and other specific chromatin alterations associated with the “jump” and/or the TE reintegration into a new locus

. However, we favor an alternative hypothesis, that a random insertion of a TE per se does not trigger neocentromere

formation unless it hits a CENP-A ectopic site. The concomitance of preexisting ectopic CENP-A and transposition may

represent the first step towards the formation of a new centromere. Over time, the accumulation of other repetitive

sequences through new transpositions or duplications of existing sequences in these CENP-A ectopic “hot spots” would

create a genetic and epigenetic landscape for the evolution of a complex centromere that can functionally replace the

endogenous one.

4. Holocentromere

Nematodes, some insects and species of plants belonging to the flowering plants have diffused centromeres throughout

their chromosomes, and these are described as “holocentric”. From a cytological point of view, holocentric chromosomes

do not present a primary constriction in metaphase—a hallmark narrowing found in stereotypical metacentric or sub-

metacentric chromosomes—and do not have a designated place along the chromosome for spindle microtubule

attachment. Instead, the whole chromosomal surface is bound and segregated. Genomic evidence suggests that many

holocentric chromosomes lack tandem repeats and have cenH3 binding sites distributed over a wide variety of unique

sequences throughout the chromosome, as expected. The nematode C. elegans is the exemplar case of a holocentric

organism. Recently, the chromosomal localization of histone cenH3 was determined in C. elegans by ChIP–chip analysis

. It was found that ~50% of the genome can be associated with cenH3, showing complete absence of particular DNA

sequences to control cenH3 incorporation. Fundamental studies on the regulation of diffuse centromeres have been

carried out on the nematode Parascaris equorum. In this organism, as in C. elegans, development is strictly mosaic, and

each cell performs a predetermined number of cell divisions before differentiation. A consequence of this developmental

system is that an induced death of a single cell can be lethal to the embryo because it cannot be replaced at the

embryonic stage. Furthermore, in Parascaris, there is the phenomenon of chromatin diminution in somatic cells, which

does not occur in germ cells. In embryonic somatic cells, both terminal and intercalary heterochromatin with no detectable

kinetochore activity is eliminated by fragmentation, producing about 60 small chromosomes that are equipped with

centromeres and that segregate correctly during mitosis . In gonial cells, heterochromatin is not eliminated, and both

heterochromatin and euchromatin retain kinetochore activity. Finally, in meiotic cells, centromeric activity is restricted to

the terminal heterochromatic regions to which the spindle microtubules attach in the absence of a kinetochore plate.

Therefore, in Parascaris, there is both structural and regional variability in relation to the cell type. In the embryo’s somatic

cells, the centromeric activity is restricted to euchromatin, while in gonial cells it is diffused over different chromatin

environments, and in meiotic cells is restricted to telomeric heterochromatin. Therefore, Parascaris and other nematodes

represent interesting models to study epigenetic centromere organization for the presence of three different centromere

states under physiological conditions.

5. Conclusions

Proper segregation of chromosomes during cell division is essential for the survival of the cell and the whole organism.

Therefore the centromere, a complex structure used for this function, has adapted during evolution to respond to changes

in the cellular microenvironment as well to those in the external environment. The conflict between the need for functional

stability and variability dictated by the environmental changes has been resolved with a wide flexibility through various

epigenetic mechanisms. In order to keep the correct centromere functionality, epigenetic mechanisms can buffer possible

centromere structural variations.
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