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Abstract Centrins are small, highly conserved members

of the EF-hand superfamily of calcium-binding proteins

that are found throughout eukaryotes. They play a major

role in ensuring the duplication and appropriate functioning

of the ciliary basal bodies in ciliated cells. They have also

been localised to the centrosome, which is the major

microtubule organising centre in animal somatic cells. We

describe the identification, cloning and characterisation of

centrins in multiple eukaryotic species. Although centrins

have been implicated in centriole biogenesis, recent results

have indicated that centrosome duplication can, in fact,

occur in the absence of centrins. We discuss these data and

the non-centrosomal functions that are emerging for the

centrins. In particular, we discuss the involvement of

centrins in nucleotide excision repair, a process that repairs

the DNA lesions that are induced primarily by ultraviolet

irradiation. We discuss how centrin may be involved in

these diverse processes and contribute to nuclear and

cytoplasmic events.

Keywords Centrosome � Centrin � Centriole � Cilia �
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Introduction

Centrosomes are small organelles that organise an astral

microtubule network during interphase and a bipolar

spindle during mitosis. They play important roles in

controlling various cell cycle transitions. Their ultrastruc-

ture is striking: centrosomes contain two distinct cylinders

made up of nine microtubule bundles, the centrioles, within

a cloud-like proteinaceous matrix, the pericentriolar

material (PCM) (reviewed in [1–3]). The centrioles also

serve as basal bodies for cilia and flagella. As a stable

centrosome number is important in avoiding chromosome

segregation problems and aneuploidy [4], centrosome

duplication is tightly co-ordinated with the cell cycle [3, 5].

The same cyclin-CDK activities are required for both the

chromosome and the centrosome cycles [6–9]. Licensing of

centrosomes for duplication is controlled by the same

activities that regulate sister chromatid separation at the

metaphase-anaphase transition—the protease activity of

separase and the kinase activity of Polo-like kinase 1 (Plk1)

[10–13]. While the centrosome is thus highly responsive to

the state of the chromosome cycle, recent work indicates

that the centrosome itself plays a significant part in cell

cycle control, acting as a nexus for intracellular signalling,

with certain key components of the centrosome playing

additional, non-centrosomal roles. An example of a cen-

trosome component with additional functions is the

centrins: small, evolutionarily conserved proteins that play

an important role in several cellular activities. This review

will examine emerging roles for the centrins in DNA repair

and discuss how these activities may be related to the

centrosome.

DNA damage and centrosome duplication

Centrosome amplification

The implication of centrosome copy number in the control

of accurate cell division is a long-established concept,
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having initially been postulated by Theodor Boveri at the

turn of the last century [14]. A key observation in this

regard is that cancer cells often carry aberrant numbers of

centrosomes, with aneuploidy and chromosomal instability

being highly correlated with the appearance of multiple

centrosomes [15–19]. Furthermore, centrosome number

aberrations in tumour cells are often associated with

structural irregularities such as increased size and/or

changes in the PCM [20]. Supernumerary or aberrant

centrosomes can cause mitotic abnormalities, such as the

formation of multipolar spindles. Such spindle abnormali-

ties could, in turn, result in abnormal chromosome

segregation and aneuploidy and thus contribute to trans-

formation [21, 22]. However, the massive degree of

aneuploidy likely under such a scenario has meant that

other mechanisms have been proposed for how multiple

centrosomes might drive genome instability. An emerging

model involves the multiple centrosomes generating a

transient multipolar state before they cluster together to

allow a bipolar spindle, which causes a delay during

mitosis that allows inappropriate chromosome attachments

and chromosome mis-segregation [4]. Although these

models describe different effects on mitosis of multiple

centrosomes, they both provide mechanisms by which

abnormal centrosome numbers can cause aneuploidy. Thus,

the appropriate control of centrosome number also regu-

lates genome stability.

Like the chromosomes, centrosomes are normally

duplicated in a semi-conservative manner, once per cycle

and during S phase. While not templated to the same extent

as replicating DNA by the pre-existing copy, centriole

assembly occurs at a location that is specified by the

existing centriole [5, 23–25]. However, pre-existing cen-

trioles are not sufficient to restrict centriole duplication to a

single daughter per mother. Multiple daughter centrioles

can form around a single mother after proteasome inhibi-

tion, extended S-phase delay or expression of viral

oncoprotein [26, 27]. The overexpression of the key kinase,

PLK4/SAK, in unfertilised Drosophila embryos leads to de

novo centriole formation, providing further evidence that

the mother acts more as a scaffold for duplication activities

rather than as a direct template for duplication per se [28].

Similarly, overduplication through multiple daughter cen-

trioles occurs after PLK4 overexpession in human cells

[29]. Furthermore, experiments demonstrating that the de

novo generation of centrioles occurs after centrosome

ablation in both transformed and non-transformed human

cells showed that the mother centriole controls centriole

number rather than being an absolute requirement for

centriole biogenesis [30–32].

While extra centrosomes can arise through defects in

cytokinesis, genotoxic stress is another driver of centro-

some abnormalities. Centrosome amplification has been

described after cells have been subjected to a broad range

of DNA-damaging insults including ionising radiation [33–

35] and DNA replication stress [36, 37]. Overduplication of

the centrosome occurs independently of exogenous geno-

toxic stress in cells with mutations in DNA repair or

checkpoint genes [33, 38–44], cells that express mutant

forms of telomerase [45] or viral oncogenes [18, 46–48].

How this amplification happens is not yet fully understood.

Although multiple centrosomes are seen in cells that fail in

cytokinesis due to altered expression of cell cycle regula-

tors such as BRCA2 or Aurora A [37, 49], DNA-damaging

treatments do not generally cause tetraploidisation.

Therefore, cytokinesis failure is not a sufficient explanation

for how centrosome amplification occurs after genotoxic

stress. DNA damage signalling appears to impact on cen-

trosome number through the centrosome duplication

pathway.

Mechanisms of DNA damage-responsive centrosome

duplication

The appropriate control of centrosome duplication involves

at least two elements: the regulation of cyclin-dependent

kinase activity [50] and the ‘licensing’ of centrosome

duplication [51]. CDK2 is a particular activity that links the

chromosome and centrosome cycles, and its activity is

necessary for centrosome overduplication that occurs dur-

ing extended S-phase delay in mammalian cells [6–9] or

following overexpression of the human papillomavirus

(HPV) type 16 E7 oncoprotein [46]. However, Cdk2 is

dispensable for normal centrosome duplication in mouse

and chicken cells, presumably due to redundancy with

other CDKs [46, 52, 53]. The temporally limited licensing

of centrosomes for duplication occurs through centriole

disengagement, which occurs late in mitosis. Disengage-

ment is mediated by Plk1 and the separase protease, which

is normally activated through anaphase promoting com-

plex/cyclosome activity at the metaphase-anaphase

transition [10, 11]. The Scc1 cohesin subunit is the key

separase target in allowing centriole separation [13]. A

final consideration is the requirement for sufficient time to

allow assembly of the licensed centriole under conditions

of appropriate CDK activity.

There are three major examples in which centrosome

amplification occurs through dysregulation of one or more

of these controls. An extended S-phase delay is induced by

hydroxyurea (HU) treatment and, in many mammalian cell

lines, this treatment leads to the appearance of multiple

centrosomes in a Cdk-dependent manner, with Cdk2 being

a strong candidate [36, 54]. This overduplication fits well

with the previously described requirements, as the centro-

somes are licensed for duplication at this stage in the cell

cycle, and Cdk2 is activated. A second example is the high
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level of centrosome amplification that is observed in p53-

deficient mice and cells [39]. This is believed to arise from

abnormal Cdk2 activity in the absence of p53, along with a

p53-independent cell cycle arrest to provide sufficient time

for amplification [55]. In support of this model, upregu-

lated Cdk2 activity caused by cyclin E overexpression

caused centrosome amplification in p53-deficient mouse

cells, but not in wild-type rat or mouse fibroblasts [56, 57].

Furthermore, cyclin E overexpression induced centrosome

amplification in human tumour cells, but only in the

absence of p53 function [58]. The status of the license was

not explored in these experiments, however. The third case

of centrosome amplification is that arising after induced

DNA damage. Ionising radiation induced multiple spindle

poles in mammalian cells that subsequently were found to

contain centrosomes [35, 59]. Analysis of the underlying

mechanism found that the Atm-Chk1-controlled G2-to-M

checkpoint was necessary to allow this centrosome

amplification [33, 60], providing the requisite time for

reduplication. Irradiation of some human and chicken cell

lines caused upregulation of Cdk2 activity and, notably,

centrosome amplification was dependent on there being

Cdk1 or Cdk2 available [61], fulfilling the next of the key

control requirements.

DNA damage-induced centrosome amplification is p53-

independent, as it was reported to occur with the same

frequency in TP53-/- human HCT116 cells as in controls

[34]. Furthermore, the extent to which DNA damage

allows centrosome licensing is not yet clear. Centrosome

fragmentation has been described in Drosophila and

rodent cells following cell cycle progression after

incomplete DNA replication [62, 63] and premature

centriole splitting, which may reflect disengagement, has

been observed after irradiation of human cell lines [64].

Despite the observation that G2 phase centrosomes can

acquire a license after irradiation [65], it is not known

what effect irradiation has on separase, and several

studies have indicated that the other licensing signal,

Plk1, is actually inhibited by DNA damage [66–68].

Clearly, the molecular nature of the signal that transmits

the report of DNA damage to the centrosome duplication

machinery remains to be fully defined.

Many of the key components of the DNA damage

response and the cell cycle apparatus localise to the cen-

trosomes (reviewed in [69–71]. For example, the initial

activation of the Cdk1-cyclin B complex that permits entry

into mitosis occurs at the centrosome [72]. Centrosomal

Chk1 kinase has been described as a regulator of the Cdk1-

activating phosphatase, Cdc25B, providing a mechanism

linking DNA damage-sensitive kinase signalling to the

control of the cell cycle [73, 74]. Further regulation of

Chk1 occurs through other centrosome components, spe-

cifically through Mcph1 and pericentrin [75]. Interestingly,

Cdc25B was found to indirectly interact with centrin 2 and

to be involved in the centrosomal recruitment of centrins

[76]. These activities and the many other DNA damage-

responsive proteins that are found at the centrosome pro-

vide support for the idea that the centrosome can act as a

macromolecular scaffold at which biochemical signals can

be amplified, as well as the eventual target of such sig-

nalling. Furthermore, centrosomal proteins frequently have

additional roles that link nuclear activities with the cen-

trosome, as we will discuss in the case of centrin.

Identification of centrin

Initial identification of centrin

The striated flagellar root is a massive structure in the green

alga, Tetraselmis striata. Addition of high concentrations

of calcium to cultures of Tetraselmis causes these roots to

contract and pull the plasma membrane inward, as well as

flagellar loss [77]. Exploration of the mechanism of this

calcium-responsive activity revealed that a single protein

band comprised [60 % of the total flagellar root protein

and that the electrophoretic mobility of this protein chan-

ged significantly in the presence of calcium. Antisera raised

to this polypeptide of approximately 20 kDa clearly dec-

orated the flagellar roots [77]. These antibodies also

recognised a similar protein in the alga Chlamydomonas

reinhardtii, which localised to the proximal ends of the

basal bodies at the roots of the flagella and to an extended

structure that linked the nucleus to the basal bodies [78].

Furthermore, these antisera also detected the basal bodies

in the green flagellate Spermatozopsis similis, which radi-

cally change their orientation to allow photoreactive

changes in swimming direction in a calcium-dependent

manner [79]. An extended analysis of 28 green alga taxa

confirmed the conservation of this immunolocalisation

throughout green algae [80]. The contractile responses of

Chlamydomonas flagella are calcium dependent, and the

immunolocalisation of this protein to the contractile

structures and to the basal body suggested a functional link

to such activity [81, 82]. Later work with inhibitory, spe-

cific antibodies confirmed that these contractile responses

specifically required the protein [83] and detailed immu-

noelectron microscopy eventually placed this protein

throughout an entire filamentous scaffold linking the

nucleus and the basal bodies [84]. Purification and analysis

of Chlamydomonas basal bodies revealed that the immu-

nolocalisation detected a calmodulin-like protein

homologous to the calcium-binding protein from Tetra-

selmis striated flagellar roots [85], providing a clear

indication that this was likely to be an evolutionarily

conserved protein.
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Microsequencing of the purified Chlamydomonas basal

body protein allowed the generation of a probe to screen a

Chlamydomonas cDNA library, which led to the cloning of

the gene that encodes this calcium-responsive protein [86].

In this study, the protein was dubbed ‘caltractin’ on the

basis of it being a component of a calcium-sensitive con-

tractile fibre system. It was found to be highly homologous

to calmodulin and to the previously identified product of

budding yeast CDC31, mutations of which lead to prob-

lems in spindle pole body duplication [87]. However, an

alternative designation, ‘centrin’, was advanced by the

Salisbury group [88], and has become more established, so

we are using this terminology in our review. Centrins are

small, highly conserved members of the EF-hand protein

superfamily. Members of the EF-hand superfamily carry

distinct helix-loop-helix structures that coordinate calcium.

This nomenclature arose from the alphabetical labelling of

the six alpha-helices of the prototypic carp parvalbumin,

the crystal structure of which revealed an orthogonal

arrangement of the EF helices around a calcium-binding

loop, resembling a pointing forefinger and extended thumb

of a right hand [89, 90]. Centrins contain four EF-hand

domains, consistent with the calcium-responsive actions of

the structures in which the proteins were originally iden-

tified. We will discuss the roles of the centrin EF-hands in

Sect. ‘‘Centrin structure’’, below.

Evolutionary conservation of centrins

Given the functional and structural similarities between the

basal body and the centrosome, it was of great interest to

address the question of whether centrins might be con-

served outside the green algae and localise to centrosomes.

On the basis of immunological reactivity, a wide distri-

bution amongst eukaryotic species seemed likely [91].

However, although polyclonal antibodies to centrin

recognised the centrosome in several mammalian species,

it is unclear whether this was actually centrin or some other

reactivity, as proteins of different size were predominantly

observed in immunoblot analyses [88, 92, 93]. Neverthe-

less, cloning of centrin orthologues from mouse [94] and

human [95, 96] confirmed the evolutionary conservation of

centrins and allowed the generation of immunoreagents

that were specific for mammalian centrin. These antibodies

demonstrated that centrin was indeed a centrosomal protein

in mammals [95, 96].

Consistent with evidence from a range of organisms

[97], further analysis using monoclonal antibodies raised

against Chlamydomonas centrin but with a robust reactivity

to mammalian centrins [83] provided clear evidence for

centrin being a general feature of centrosomes and basal

bodies in animal cells [98–101]. Localisation of the Sac-

charomyces cerevisiae orthologue, Cdc31p, to the half-

bridge of the analogous structure in yeast, the spindle pole

body, demonstrated that centrins are found in analogous

structures throughout eukaryotes [102]. Focussing on the

mammalian centrosome, light and electron microscopy

demonstrated that centrin is localised both to the distal ends

of the centrioles and to a region between them [101]; a

similar localisation to the distal lumen of the basal bodies

was seen by electron microscopy of the flagellar apparatus

in Chlamydomonas [84]. On the basis of this localisation,

the sensitivity of mammalian centrosomes to divalent cat-

ions [103] appeared to suggest a mechanical similarity to

the centrin-dependent contractile response in algae,

although no centrin fibres have been described to date in

mammalian cells.

While these data emphasise the centrosomal localisation

of centrin, it is important to note that the vast majority of

cellular centrin is not incorporated into centrosomes, at

least in human lymphoblasts [101]. The observation of a

calcium-responsive pericentriolar lattice-like structure in

rat kangaroo cells indicated an additional localisation of

centrins in mammalian cells [104], although the implica-

tion of centrin in nuclear functions, proteasome activities

and the nuclear pore complex provides further hints of

noncentrosomal roles of centrin [105–108]. The localisa-

tions and known interactors of the centrins are shown in

Fig. 1.

The centriolar localisation pattern of centrin has made

fluorescently tagged centrins an attractive tool to study

centriole duplication in living mammalian cells [31, 109–

112]. However, the overexpression of fluorescently tagged

centrin can lead to basal body anomalies and the presence

of extra non-centrosomal centrin clumps that do not co-

localise with c-tubulin or other centrosomal markers in

unicellular organisms [113, 114]. In HeLa and CHO cells,

overexpression of centrin 2 caused overduplication of

centrioles during extended S-phase arrest, but this effect

was not observed in U2OS or RPE1 cells, suggesting some

cell-type specificities in the regulation of centriole assem-

bly [115]. Several groups have reported the aggregation of

centrin into subcentriolar foci early during centriole over-

duplication induced by HU treatment or during de novo

centrosome formation [31, 110, 116, 117]. However, as

discussed below, Plk4- and HU-induced centriole overdu-

plication can occur in the absence of centrin [29, 118], so it

is not clear that these centrin aggregates are necessary for

centriole duplication.

Centrin genes

The localisation of centrin to centrioles and basal bodies

throughout Eukarya and biochemical similarities of the

protein from different species suggested that centrin-
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coding genes would be evolutionarily conserved. Follow-

ing on from the previously mentioned cloning of the

Chlamydomonas centrin and the mammalian orthologues,

sufficient data have accumulated on centrins to enable a

detailed phylogenetic tree to be established for the family

[119]. In fact, a recent evolutionary analysis of centrosomal

proteins assigned centrin 2 to a core inventory of 14

centriolar proteins suggested to have been present in the

last common ancestor of eukaryotes [120]. Two principal

centrin subfamilies have been defined on the basis of

comparative sequence analysis, although all are related to

calmodulin, as was noted in the initial cloning of centrin

from Chlamydomonas [86]. Members of one subfamily are

related to budding yeast CDC31, and members of the other

are more homologous to the Chlamydomonas centrin [121,

122].

While genome analysis of the unicellular ciliated pro-

tozoan Paramecium tetraurelis revealed a centrin family of

more than 30 members, several of which are highly

divergent from the two principal subfamilies mentioned

above [114], only four centrin isoforms have been

described to date in mammals. Centrins 1, 2 and 4 are

closely related to one another and to the Chlamydomonas

centrin [95, 96, 123]. At the amino acid level, human

centrins 1 and 2 show 83 % sequence identity in compar-

ison to 52 % observed between centrin 2 and centrin 3.

This may suggest some evolutionary constraints on the

degree of conservation in the various centrin subdomains.

Cetn2 is ubiquitously expressed, although Cetn1 has

been reported to have a more restricted expression pattern,

being limited to male germ cells, neurons and ciliated cells

[124, 125]. Cetn1 was proposed to have arisen from a

retroposition of Cetn2, as it shows certain diagnostic fea-

tures of a retroposon: Cetn1 lacks introns and internal stop

codons, and is bordered by a pair of direct repeats (Hart

et al. 1999). Interestingly, Cetn1 is entirely absent from the

chicken and zebrafinch genomes, from which it was con-

cluded that its retroposition occurred after the bird-

mammal split [118]. Cetn3 is of the CDC31 subfamily and

is ubiquitously expressed [121]. Cetn4 is a centrin 2-related

gene, initially identified in mouse, with a tissue-restricted

expression pattern that has suggested its being limited to

Centrins

Nuclear pore/ membrane

Proteasome

hPOC5
hSfi1

CP110
Aurora A

Transducin
CK2

Cdc25b

Non-defined locationRad23p

Nup107-160 complex
Sac3p–Thp1p–Sus1p 

complex

MPS1
Hsp70/Hsp90

Tonneau1
Kic1p

Golgi
???

DNA

XPC
Rad4p/Rad23p

Spindle pole body

Sfi1p
Kar1p
Mps3p

body/ CentrosomeBasal 

Fig. 1 The localisation and interactions of centrins. Cartoon shows

centrin interactions in higher eukaryotes and in yeast (in brown),

indicating the organelles or structures where centrins were found to

associate with their respective partners, as discussed in the text. The

references describing these interactions are as follow: hSfi1 [221],

hPOC5 [219], CP110 [174], Cdc25b [76], XPC [105], Aurora A

[145], MPS1 [115], CK2 [222], Transducin [147], Nup107-160

complex [108], Hsp70/Hsp90 [100], Kic1p [153], Tonneau1 [223],

Rad4 [106], Rad23p [106], Sfi1p [142], Kar1p [151], Mps3p [152],

Sac3p–Thp1p–Sus1p complex [107], golgi localisation [160]. Note

that the elements of the idealised cell shown here are not to scale
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ciliated cells [123]. Cetn4 is a pseudogene in human cells

and thus is not expressed, while it appears to show unre-

stricted expression in chicken [118]. Full-length versions of

these centrin isoforms all associate with centrioles, but to

differing extents that may reflect changing centrin activities

during centriole duplication and ciliogenesis [121, 123,

126].

Centrin structure

The involvement of centrin in ion-mediated contractile

responses clearly implicates the calcium-binding compo-

nents of the molecule in regulating its mechanism of

action. Our current model for centrin is based on a structure

in which its four EF-hand motifs are arranged in pairs of

EF-hands, separated by a linker region [127, 128]. Figure 2

illustrates the functional domains of centrins, along with

key regulatory residues that are mentioned in more detail

below. The mechanistically important interactions of the

EF-hand subdomains with calcium and with centrin’s

binding partners are complex and appear to vary between

species (reviewed in [129]).

A general view of how centrins work is that the binding

of calcium facilitates target peptide recognition by the

protein, with low-affinity peptide binding sites becoming

activated in the presence of calcium, as in the case of

Scherffelia dubia centrin [130]. In Chlamydomonas centrin,

while both the N-terminal and C-terminal domains can

bind calcium, the N-terminal EF-hand pair has a greater

affinity for calcium and the C-terminal for a Kar1 peptide

[127, 131, 132], consistent with a regulatory function in the

N-terminal domain [133]. In Leishmania donovani, the

C-terminal domain can bind calcium more efficiently than

the N-terminal, although both are capable of doing so

[134]. Work with the yeast centrin orthologue, Cdc31p, has

indicated that the C-terminal EF-hand pair is required for

binding of a peptide target, with N- and C-terminal EF-

hands implicated in calcium binding [135]. The C-terminal

domains of human centrin 1 and centrin 2 carry the high-

affinity calcium-binding sites, with only low affinity in the

N-terminal EF-hand domain [136–138], while human

A

B

EF-hand motif

EF-hand calcium binding loop

Phosphorylation sites

Calcium ion Alpha helix

Secondary structure not defined

Beta strand 

Turn

Beta bridge

T118 T138 S170T45 S20 T26 T47 

EF-hand I EF-hand II EF-hand III EF-hand IV

N-terminus C-terminus

Secondary structure

I

II

III

IV

C-terminus

N-terminus N-terminus

C-terminus

XPC peptide XPC peptide

IV

IIII

II
90

Fig. 2 Centrin structure and domains. a Ribbon diagram of centrin 2

based on the structure described for the protein without the first 24

amino acids of the N-terminus [128]. The 3D representation of the

structure was assembled and adapted using Jmol version 12.0.41

(Research Collaboratory for Structural Bioinformatics (RCSB);

http://home.rcsb.org/). Calcium ions are represented as green
spheres and the EF-hands are marked by Roman numerals. b Two-

dimensional representation of the principal domains of the 172 amino

acid centrin 2 protein, along with the corresponding secondary

structure predicted using the algorithm ‘Define Secondary Structure

of Proteins’ in the RCSB Protein Data Bank. Regulatory elements that

have been described as phosphorylation sites are indicated and were

based on the following references: S20, T26 [224]; T45, T47, T118

[115]; T138 [222]; S170 [145, 146]
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centrin 3 has three robust calcium binding sites with the

one sited in the N-terminal domain also being capable of

binding magnesium [139]. The calcium-regulatory and

target-binding sites therefore appear to be sited mainly in

the C-terminal pair of EF-hands in human centrins, with

the N-terminal pair responding to the occupancy status of

the C-terminus.

In vitro analysis showed that centrins from algae, yeast

and humans form aggregates. The S. dubia centrin, in

particular, formed extended filamentous structures in a

calcium-dependent manner [140]. Interactors additional to

centrin itself described to date include the xeroderma

pigmentosum group C protein [105], the yeast spindle pole

body proteins Kar1p [141] and Sfi1p [142]. At the very

N-terminus of the molecule is a disordered region of some

20 amino acids, which is not well conserved between dif-

ferent centrins, but whose presence distinguishes centrins

from closely related EF-hand proteins [86, 128]. This dis-

ordered domain is important in the self-aggregation of

centrin [138, 143], although not for its association in

budding yeast with its partner, Sfi1p, in the assembly of the

mitotic apparatus [142, 144].

Centrins are also subject to extensive regulation by post-

translational modification. The very initial identification of

centrins in Tetraselmis noted that the protein was phos-

phorylated [77]. Two-dimensional electrophoresis to

resolve human centrin allowed the detection of at least ten

differently migrating forms, suggesting that centrin

undergoes several posttranslational modifications [101]. In

addition, centrin was also found to be highly phosphory-

lated in some human tumours with supernumerary

centrosomes [16]. Aurora A and PKA can phosphorylate

centrin 2 at serine 170, a modification that regulates the

stability of centrin. Additionally, this phosphorylation has

been suggested to promote centriole separation in G2 and

to be required for Aurora A-induced centrosome amplifi-

cation [145, 146]. CK2 was also reported to phosphorylate

centrins at threonine 138, which regulates their ability to

bind to a retinal G-protein complex and ciliary microtu-

bules [147]. Three additional centrin threonine sites

(Thr45, Thr47 and Thr118) were described as target sites

for the MPS1 kinase in vitro [115]. Each of these sites is

necessary for the MPS1-dependent centriole overduplica-

tion that results from overexpression of centrin 2 to occur

efficiently in HeLa cells. Furthermore, expression of cen-

trin 2 with phosphomimetic mutations of these sites caused

more overduplication than the wild-type protein [115].

These results suggested that centrin 2 activity is regulated,

to some extent, through these phosphorylation sites. Fur-

ther regulation of centrin activity is achieved through

SUMOylation by SUMO2/3, which determines the sub-

cellular localisation of the protein and which requires the

activity of the polycomb protein 2 as an E3 ligase [148].

Centrosomal effects of centrin deficiency

Centrin requirement for basal body/spindle pole body

duplication

Mutational analysis and reverse genetics have demon-

strated a requirement for centrin in centriolar/basal body

functions in a range of organisms. The first such analysis of

one major subfamily of centrins identified a Chlamydo-

monas strain with a mutation in the centrin gene (vfl2),

which had increased rates of basal body mis-segregation

due to defective nucleus-basal body connections. This

mutation also resulted in a variable number of flagella and

the absence of both distal striated and stellate fibres [78,

149]. Furthermore, RNAi-mediated depletion of CrCentrin

resulted in a strong reduction in the number of basal bodies

per cell as well as non-flagellar basal bodies, suggesting a

defect in their duplication and/or problems in flagellar

assembly or in basal body maturation [113]. Looking at the

other major centrin subfamily, CDC31, the prototypic

Cetn3 orthologue in Saccharomyces cerevisiae, is an

essential gene that is required during the initial duplication

of the spindle pole body (SPB), the main microtubule-

organising centre in yeast cells that is functionally analo-

gous to the centrosome in animal cells [87, 150]. Cdc31p

localises to the half-bridge of the SPB where it forms fil-

aments with Sfi1p and preserves the integrity of this

structure [102, 142, 144]. Cdc31p recruitment to the SPB

was shown to depend on other SPB proteins, including

Kar1p and Mps3p [141, 151, 152], but is required for the

activity of its interactor, Kic1p kinase, to ensure proper cell

integrity and morphology [153]. Summarising several

studies, cdc31 mutations cause defective SPB biogenesis,

leading to cell cycle arrest and large-budded cell mor-

phology [87, 153–155]. The fission yeast centrin 3

orthologue, Cdc31p, is also required for SPB function,

indicating conservation of centrin functions in yeast [156].

Looking through the evolutionarily diverse range of

reverse genetic analyses of centrin, the general impact has

been most pronounced in ciliated cells. Centrin knockdown

in the water fern, Marsilea vestita, induced spermiogenesis

arrest before the assembly of blepharoplasts and basal

bodies [157]. However, when cell cycle arrest was induced

in this gametophyte by drug treatments (including

hydroxyurea), centrin translation and accumulation was not

affected, while blepharoplast and the motile apparatus

formation was inhibited, indicating that centrin translation

was not sufficient for basal body formation de novo [158].

Centrin deletion in the pathogenic trypansosome,

Leishmania donovani, resulted in a G2/M cell cycle arrest

with defects in basal body duplication and failure in cell

division exclusively during one amastigote stage of the

parasite’s development, but not during the promastigote
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[159]. Even though this phenotype was frequently associ-

ated with cell death, this observation suggested the

possibility of stage- or cell type-specific functions of cen-

trin in Leishmania. Five centrin isoforms have been found

in the parasitic protozoan, Trypanosoma brucei [160].

TbCentrin 1 was shown to localise solely to the basal body,

whereas TbCentrin 2 and TbCentrin 4 (also described as

TbCentrin 1) were also detected at a bilobed structure

connected to the Golgi complex [160–162]. RNAi deple-

tion of TbCentrin1 or TbCentrin2 inhibits basal body

duplication, with TbCentrin2 ablation also preventing the

duplication or segregation of the Golgi complex and other

organelles. Since nuclear division, but not cytokinesis,

continued in these cells, multi-nucleated cells originated in

the absence of cell division [160]. On the other hand,

TbCentrin 4 knockdown had no detectable impact on the

duplication of basal bodies or other organelles, although it

led to the uncoupling of nuclear and cell division and led to

the production of anuclear daughter cells, zoids, or

enlarged cells with multiple organelles and nuclei [161,

162]. Together, these data indicate discrete roles for indi-

vidual trypanosome centrins in cell division.

Tetrahymena thermophila centrins localise to basal

bodies in the cortical rows, the oral apparatus, and to ciliary

rootlets and their accessory structures [163, 164]. Immu-

noelectron microscopy demonstrated that TtCEN1, which is

the closest homologue to human centrin 2 of the centrins

described from Tetrahymena, is specifically recruited to the

transition zone, to the basal body midzone and to its base

[165]. The deletion of TtCEN1 leads to severe deficiencies

in basal body stability and maintenance, together with mis-

orientated probasal body assembly, and thus is lethal [164,

166]. Rescue experiments with truncated TtCEN1 demon-

strated that the N- or C-terminal domains were individually

incapable of rescuing viability, but that mutations of the EF-

hands within either domain were compatible with survival.

This work concluded in a model in which the C-terminal

domain of centrin controls its localisation to basal bodies

and the N-terminal domain of centrin, the separation and

orientation of basal bodies [166].

PtCen2a/b and PtCen3a/b are the Paramecium centrin

HsCETN2 and HsCETN3 homologues, respectively [114].

Multiple atypical centrins also exist in Paramecium, and

play specialised and nonredundant roles in an extended

contractile array, the infraciliary lattice [167, 168]. Both

PtCen2ap and PtCen3ap localise to basal bodies, but show

distinct locations within these structures, with PtCen2ap in

the basal body proper and PtCen3ap on fibrous structures

linking basal bodies. Knockdown experiments showed that

even though these centrins do not have completely over-

lapping roles, both are dispensable for basal body assembly

but necessary for appropriate basal body orientation and

positioning during the duplication cycle [114]. The mis-

orientation/positioning of the basal bodies seen in the

absence of PtCen2ap and PtCen3ap eventually inhibited

basal body duplication [114], suggesting that the inability

to position or insert a basal body in the cortex for cilio-

genesis may prevent further assembly of these structures,

providing an explanation for the severity of the phenotypes

seen in the absence of centrin.

Centrin in vertebrate cells

While the extensive work in lower eukaryotes described

above provides clear evidence for the importance of cent-

rins in basal body assembly and/or function throughout

evolution, their roles in vertebrate cells are less clear.

Partial centrin 3 depletion in U2OS cells led to the loss of

centrosomal anchorage of microtubules and the disruption

of their radial organisation, possibly by affecting the cen-

trosomal recruitment of ninein [169]. A striking phenotype

was observed after RNAi depletion of centrin 2 in HeLa

cells, namely the inhibition of centriole biogenesis [170].

Cells with at least two centrioles continued to undergo

centrosome separation and progress through the cell cycle.

Eventually, this resulted in only one or no centrioles being

available, so cells assembled abnormal mitotic spindles,

cell division was blocked and the number of multinucleated

cells increased [170]. However, in contrast to the results

seen in this study, depletion of CETN2 using a similar

siRNA sequence did not interfere with the recruitment of

HsSAS-6 to the base of the mother centriole or the initia-

tion of procentriole biogenesis [171]. In hTERT-RPE1

cells, the individual depletion of several centrosomal pro-

teins led to a p53-dependent cell cycle arrest in G1 phase.

CETN2 siRNA resulted in a strong accumulation of G1

cells, suggesting that centrin 2 is required for the normal

cell cycle progression of non-transformed human cells

[172]. However, centrin 2 and 3 depletion by siRNA in

human U2OS cells did not block Plk4-induced procentriole

biogenesis, which occurred with normal kinetics. In addi-

tion, no defects were detected in the typical recruitment of

key duplication components to the nascent procentrioles or

in their subsequent behaviour [29]. Another group repeated

the siRNA analysis of CETN2 and saw the expected

decrease of centrin 2-labelled centrioles, but no major

effect on HsSAS-6 recruitment or the number of c-tubulin

foci per cell. However, these authors did note that centrin 2

depletion delayed CP110 incorporation into procentrioles

at the beginning of S-phase, without any evidence of an

S-phase delay. In addition, although centrin 2-depleted

cells were able to assemble multiple centrioles upon the

overexpression of a nondegradable form of the centrosomal

MPS1 kinase, a considerable fraction of these failed to

recruit y-tubulin [115]. Our own analysis used gene tar-

geting in the chicken DT40 cell line to disrupt all centrin
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genes and observed no impact on centrosome structure,

duplication or mitotic functions [118].

An additional deficiency seen with centrin 2 depletion

was a marked reduction in primary ciliogenesis capacity

after serum starvation of siRNA-treated cells [172, 173].

Centrin localisation at the distal lumen of the centrioles and

the preferential association of centrins with the mother

centriole [101] are consistent with a requirement for cent-

rins in ciliogenesis, as are the centrin interactions with a

known ciliogenesis regulator, CP110 [174]. A recent paper

describing the knockdown of Cetn2 in zebrafish embryos

using morpholino oligonucleotides noted developmental

defects in kidney and the olfactory bulb, as well as other

developmental abnormalities that were very similar to

phenotypes observed in models of ciliopathy [175]. Anal-

ysis of these zebrafish morphants also revealed mitotic

delays in the absence of centrin 2, although the precise

impact on mitosis was not described, so that it is not clear

whether this effect was the consequence of a problem in

ciliogenesis, or a cell-autonomous phenotype. Neverthe-

less, these data offer strong support for a crucial role for the

centrins in cilium formation.

Centrins and nucleotide excision repair of DNA damage

It has been noted that the bulk of cellular centrin is not

associated with the centrosome, which clearly suggests its

having additional roles in the cell [101]. Centrin has been

implicated in a major DNA repair process, nucleotide

excision repair (NER), which repairs bulky, helix-distort-

ing DNA adducts, particularly those generated by

ultraviolet (UV) light. Deficiencies in NER lead to several

human diseases, including xeroderma pigmentosum (XP),

in which patients have a marked sensitivity to sunlight (UV

damage) and UV-mimetic chemicals leading to a high

predisposition to skin cancer (reviewed by [176, 177]).

Two principal NER subpathways resolve the 6-4 photo-

products and cyclobutane pyrimidine dimers that arise after

UV. One is termed transcription-coupled NER, and acts

quickly to remove DNA distortions that block transcription

and the other is global genome repair, which, while not as

rapid, acts genome-wide [178, 179].

Although both methods of NER are similar in their basic

mechanism, one major difference exists in the initial rec-

ognition of DNA damage. In transcription-coupled NER,

the DNA lesion is recognised by the stalling of RNA

polymerase II at lesions [180], whereas in global genome

NER, the damage is initially detected by an XP group C

protein (XPC)-containing complex (Fig. 3) [181]. The

initial detection is dependent on the type of distortion. 6-4

Photoproducts are predominantly recognised by XPC but

cyclobutane pyrimidine dimers are detected more robustly

by the UV-DDB complex before XPC is recruited. The

steps subsequent to the initial recognition are common to

both modes; DNA is unzipped near the lesion by helicase

actions of TFIIH in the presence of XPA, XPG and repli-

cation protein A (RPA) [182]. This allows structure-

specific endonucleases, namely XPF-ERCC1 and XPG, to

excise at both 50 and 30 of the damage, removing approx-

imately 25–30 base pairs. The resulting gap is then

resolved by DNA polymerase (d or e), and the nick is

joined by DNA ligase I (reviewed by [176, 177, 183]).

Centrin interaction with XPC in NER

In addition to the description of the bulk of cellular centrin

as being non-centrosomal, cell fractionation experiments

have positioned it within the nucleus [101, 184]. Protein

sequencing identified centrin 2 as a significant component

of a chromatographic fraction from HeLa nuclear extracts

that was capable of rescuing NER capacity in extracts

prepared from human cells with a mutation in XPC [105].

This fraction was shown to contain XPC and its known

partner, HRAD23B [185], and centrin 2 was found to bind

directly to XPC. Although centrin 2 was dispensable in in

vitro NER reactions [186, 187], its presence stabilised XPC

in a heat inactivation assay and slightly increased NER

activity [105]. A 17 amino acid region in XPC that was

predicted on the basis of calmodulin binding site prefer-

ences was shown to have a strong affinity to centrin 2 that

increased in the presence of calcium [188]. Characterisa-

tion of the structure of this peptide complexed to centrin 2

indicated that interaction primarily involved the C-terminal

domain of centrin 2 [128]. A mutational analysis of the

XPC-centrin 2 interaction confirmed this peptide as the

region of XPC required for the centrin interaction, lying in

an a-helical region toward the C-terminus (amino acids

847–866 in 940 amino acid human XPC sequence) [189].

Abrogation of the interaction by mutation of this domain

led to a significant diminution of NER activity in an in

vitro reaction to monitor the excision of a base lesion by a

reconstituted XPC cell extract, as well as reduced binding

to damaged DNA by the complex [189]. Together, these in

vitro observations clearly implicate centrin in NER. Inter-

estingly, the recent biochemical purification and

identification of XPC/HRAD23/centrin 2 as a coactivator

complex that is selectively required for the synergistic

activation of the Nanog gene by the key stem cell-specific

transcription factors, Oct4 and Sox2 [190], also link cent-

rins to the control of genome stability and transcriptional

regulation in mouse embryonic stem cells.

In yeast, the XPC orthologue Rad4p binds Cdc31p as

part of the NEF complex, which also contains Rad23p

[106]. Another interactor of Rad4p/Rad23p is the recently

described Rad33p, which has been suggested as an
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alternative to Cdc31p and a possible functional homologue

of centrin 2 in NER [191]. Rad23p also functions as a

proteasome-targeting vehicle for polyubiquitinated proteins

[192, 193]. Temperature-sensitive cdc31 mutants that

showed disruption of the Rad4p-Cdc31p interaction were

sensitive to UV, in support of a role for centrin in NER.

Interestingly, biochemical data showed that Cdc31p was

capable of interacting directly with proteasomal compo-

nents, as well as with polyubiquitinated proteins, thus

regulating the stability of its interactors. Cdc31 mutants

showed defective protein degradation [106]. As the control

of Rad4p stability through Rad23p-mediated proteasome

targeting determines UV resistance [194], it is interesting

to speculate that Cdc31p may regulate Rad4p through

Rad23p. As HRAD23 controls XPC stability [195, 196], a

possibility is that centrin 2 might likewise regulate XPC by

modulating HRAD23 and thus the proteasome.

In human cells, centrin 2 is found in both the cytoplasm

and the nucleus. Overexpression of XPC alters the parti-

tioning of centrin 2, shifting it to the nucleus [197]. This

repartitioning requires the XPC interaction, as it is not

induced by overexpression of an XPC with a mutation in

the centrin interaction sequence [197]. Localisation to the

nucleus of centrin 2, but not of XPC, was disrupted by

RNAi-mediated depletion of the SUMO E2-conjugating

enzyme, UBC9, the E3 ligase, polycomb protein 2, or of

SUMO2/3 [148]. This work also showed that centrin 2 is

SUMOylated and that centrin’s interaction with XPC was

greatly increased by this SUMOylation. XPC, but not XPA,

depletion also reduced the level of nuclear centrin 2,

indicating the specificity of this interaction in directing

nuclear localisation of centrin. In related work, centrin

underwent a prominent relocalisation to the nucleus in

response to UV irradiation and analogous DNA damage,

potentially limiting the level of cytoplasmic centrin [184].

This relocalisation was not observed in XPC null fibro-

blasts [184] or in HeLa cells after siRNA knockdown of

XPC [198]. Conversely, HRAD23 knockdown did not

impact on centrin 2 localisation [198], consistent with the

idea that nuclear targeting of centrin specifically requires
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Fig. 3 Role of centrins in nucleotide excision repair pathways.

Diagrammatic representation of the pathways of nucleotide excision

repair and the roles of centrin within these pathways. DNA lesions

induced by UV irradiation are repaired through one of two pathways,

global genome repair (GGR) or transcription coupled repair (TCR).

During TCR, the initial recognition of DNA damage is achieved

through a block in transcription [180]. However, for regions of DNA

not being actively transcribed, this recognition relies on the hetero-

trimer of XPC-HRAD23-centrin 2, aided by the UV-DDB complex

for less helical-distorting lesions, such as cyclobutane pyrimidine

dimers (CPD) [199]. Centrin 2 localises to the nucleus through

SUMOylation by SUMO 2/3, which involves the E3 ligase Polycomb

protein 2 [148]. Once in the nucleus, retention of centrin 2 is dependent on

its interaction with XPC, as described in the text. After recognition of the

DNA lesion, XPC then recruits TFIIH through interaction with one of its

subunits, XPB [225]. Helicase activities of TFIIH unwind DNA, and

25–30 base pairs of DNA are excised. The resulting gap is filled by an

appropriate polymerase and the damage repaired
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XPC. XPC is regulated by SUMOylation after UV treat-

ment [199–201], but this modification was not correlated

with any change in centrin 2 SUMOylation status [148].

Overall, these data indicate that XPC regulates the nuclear

activity of centrin 2 by controlling its localisation, although

the signals that regulate centrin 2 SUMOylation or nuclear

localisation are not yet known. DNA damage-induced

phosphorylation might be one candidate, but no major

changes in electrophoretic mobility of centrins were

observed after UV irradiation [189].

The in vivo involvement of centrins in NER in multi-

cellular organisms is supported by several lines of

evidence. MCF-7 breast cancer cells that were partially

depleted of centrin 2 by shRNA showed delayed resolution

of 6-4 photoproducts [184]. Chicken DT40 cells in which

all centrin isoforms had been deleted by gene targeting

showed delayed resolution of cyclobutane pyrimidine

dimers [118]. These cells showed a marked hypersensi-

tivity to UV (100-fold compared to controls at 15 J/m2),

but not IR, in clonogenic survival assays, and rescue

experiments indicated NER roles for all centrins. As DNA

damage checkpoint responses in the centrin nulls appeared

to be normal, it was concluded that they suffered defective

repair of UV-induced DNA damage in the absence of

centrin [118]. In plants, Arabidopsis thaliana CEN2 mutant

plants also showed defective NER, although this was a

relatively moderate phenotype, accompanied by a hyp-

errecombination phenotype whose mechanism is not yet

fully understood [202, 203]. Taking all these data together,

we can conclude that centrins are required for efficient

NER. They are localised appropriately to the sites of DNA

damage by XPC and in turn control XPC stability and

function.

Other DNA repair pathways and centrosomal proteins

While there are multiple examples of DNA damage

checkpoint proteins localising to the centrosome

(reviewed in [69–71], there is little evidence for the NER

factors acting there, beyond a recent report of the XPB

component of TFIIH being observed at the centrosome

[204]. No mitotic defects that might reflect centrosomal

defects have been reported in NER-deficient mutants

without exogenous genotoxic stress [205]. There are

several other examples of specific repair pathways whose

members localise to centrosomes. Notably, several com-

ponents of the poly(ADP-ribose) polymerase (PARP)

system, which is involved in base excision repair, localise

to the centrosome. Light microscopy analysis has indi-

cated that PARP-1 localises to both centrioles and PARP-

3 predominantly to the daughter throughout the cell cycle

[206, 207]. Tankyrase, a PARP that regulates components

of the telomere end-protection complex, has also been

localised to mitotic centrosomes [208]. Furthermore,

PARG, the glycohydrolase that hydrolyses poly(ADP-

ribose) polymers, has been observed at mitotic centro-

somes [209]. Poly ADP-ribosylation has been described

as a potential regulatory mechanism for centrosomal

proteins [210]. Although there have been no clear indi-

cations to date that centrosome duplication is aberrant

where PARP activities are disrupted, the abnormal DNA

damage responses in the absence of fully functional

PARP have been implicated in centrosomal numerical

abnormalities [211]. Another role for PARP lies in its

control of Xrcc1 in single-strand break repair. Xrcc1 and

DNA ligase IIIa were both found at centrosomes prior to

anaphase and relocated to mitotic chromosomes upon

induction of DNA damage [212]. This localisation was

abrogated by treatment of cells with PARP inhibitors.

Together, these findings provide evidence of robust

communication between the nucleus and the centrosome

through PARP signalling.

A further link between the centrosome and DNA repair

lies in the homologous recombination (HR) apparatus.

The Rad51 paralogue, Xrcc2, has been implicated in the

control of mitotic centrosome stability [40]. Both Rad51

and Xrcc2 have been described at the centrosome [213],

as has BRCA2, which plays important roles in regulating

HR [214]. Interestingly, an interaction between Rad51

and c-tubulin has been described in mammalian nuclei

[215]. These observations are consistent with the idea that

the centrosome may provide a reservoir for HR factors

during mitosis, although this model is still somewhat

speculative.

In addition, another distal centriole component has been

implicated in both primary ciliogenesis and the DNA

damage response. Cep164 is a component of the centriolar

distal appendages in human cells that is necessary to allow

the formation of primary cilia [173]. Notably, Cep164

interacts with the apical DNA damage response kinases,

ATM and ATR, and undergoes ATR-dependent phos-

phorylation upon UV damage [216]. Cep164 depletion by

siRNA greatly reduced the activation of the DNA damage

response after both UV and IR treatment, and caused a

notable loss of G2-to-M checkpoint delay, leading to the

suggestion that it acts as a mediator in the DNA damage

response [216]. Cep164 is recruited to UV-induced DNA

lesions, but requires XPA for this localisation to occur

efficiently after DNA damage. Cep164 knockdown

increases cellular sensitivity to UV damage [217]. The

activity of Cep164 in centrin-deficient cells is not known,

but the intact G2-to-M checkpoint and other DNA damage

responses after IR treatment in Cetn nulls argue against

Cep164 being a key, centrosomal mediator of centrin

activity.
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Concluding remarks: key roles for centrin

in ciliogenesis and DNA repair?

The impact on centrosome integrity of centrin deficiency in

various models has been described in detail above, but it is

clear that vertebrate centrioles can at least assemble with-

out centrin [118]. The involvement of centrin in contractile

responses of the basal body is well established from many

studies in lower eukaryotes. Based on the multiple centrin-

interacting sites described in the centrin interactor, Sfi1p

[142], it was proposed that the calcium-responsive move-

ment of centrins on a fixed core Sfi1p molecule could allow

the contractile response of an extended multimeric filament

[218]. hSfi1 knockdown in hTERT-RPE1 cells leads to

decreased assembly of primary cilia, a phenotype also

observed after centrin 2 depletion [172, 173]. Interestingly,

centrin was also shown to interact with a known cilio-

genesis regulator, CP110 [174], and with hPOC5, a protein

involved in centriole elongation [142, 173, 219].

Combining several observations made in vertebrates

with the localisation of centrins at the distal lumen and

their enrichment at the mother centriole, a role for centrin

in controlling primary ciliogenesis seems reasonable [101].

We have shown that centrin-deficient chicken DT40 cells

are able to duplicate their centrosome [118]. Unfortunately,

since this is a lymphoid cell line and therefore does not

assemble primary cilia [220], we were unable to test cen-

trin’s role in ciliogenesis. However, recent work in

zebrafish embryos also reported developmental defects in

the kidney and olfactory bulb after Cetn2 knockdown.

These and other developmental abnormalities were very

similar to phenotypes observed in models of ciliopathy, and

furthermore, the authors also detected a reduction in cilia

numbers [175]. Whether centrin facilitates any dynamic

responses in the primary cilium, during its formation or

after its establishment, is not known, but a ciliary role

appears to be a strong candidate for the major function of

centrin in animals [101, 115, 172, 173]. Many of the uni-

cellular organisms in which centrins have been ascribed an

essential role all have striking ciliation requirements for

their lifestyle. One hypothesis to explain the high level of

evolutionary conservation of centrins, as well as the vari-

ability of phenotypic outcomes in reverse genetic

experiments in vertebrate cells, is that the essential role for

centrins lies in control of ciliogenesis, which may indi-

rectly affect centrosome biogenesis or mitotic functioning

in certain organisms or cell types.

Aside from the roles of centrin in ciliogenesis and

possible functions in centriole activities, there are several

emerging questions on its functions in DNA repair. That a

core component of the motile apparatus in aquatic organ-

isms might have an additional role in responding to light

seems quite reasonable with a view toward phototropism,

or in retinal development. How this activity became

involved in DNA repair is less obvious. What is centrin’s

role in linking centrosomes and DNA repair and is there a

mechanistic link, or are these simply independent interac-

tions? Given the quantities of cellular centrin, the

centrosome does not seem necessary to serve as a reservoir

in which centrin is sequestered for eventual assembly with

XPC/ HRAD23 in the nucleus following UV damage.

However, the previously mentioned possibility remains

that the centrosome acts as a scaffold on which key cellular

signals can be generated. With this in mind, is the locali-

sation of centrin at the centrosome permissive or inhibitory

of post-translation modification before it can enter the

nucleus? Centrin SUMOylation is an attractive candidate

for such regulation, but the signals dictating such a modi-

fication in response to UV damage are not yet defined.

Does centrin, in fact, control other activities in the DNA

damage response to UV damage, rather than being a key

component in its own right? A further question is at what

stage does the NER reaction become impaired in the

absence of centrin? A strong hypothesis is that it is at the

recognition step that is normally catalysed by XPC/

HRAD23, but an alternative impact on the reaction could

change our understanding of the role of centrin in NER.

Finally, the role of calcium signalling in cellular responses

to UV damage remains unknown. Tackling the questions

outlined above will help to define the pressures that have

forced the evolutionary conservation of the centrins,

despite the diversity of their functions.
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