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DNA replication is one of the most fundamental processes for cell growth. 
Since the proposal of semi-conservative DNA replication by Watson-Crick 
and discovery of an enzyme responsible for this process by Kornberg, 
studies on DNA replication for the past 67 years revealed the involvement 
of many proteins for regulated execution of DNA replication [1].  
 
Among them, ORC (Origin Recognition Complex), Cdc6, MCM 
(minichromosome maintenance), and Cdt1 are essential for forming 
pre-RC, a protein complex required for initiation of DNA replication, on 
chromatin during G1 phase. Mutations in these genes generally lead to 
reduced licensing (less pre-RC on the chromatin), resulting in inefficient S 
phase progression or increased sensitivity to replication stress [2,3].  
 
Extra-replication functions of the pre-RC factors have been indicated. 
Roles of ORC in transcription silencing were reported shortly after 
identification of ORC in budding yeast [4,5]. Orc6 subunit of the ORC 
complex was shown to localize at kinetochores and to the midbody before 
cytokinesis, and Orc6 depletion led to aberrant nuclear division and mitosis 
[6,7]. 
 
In BBRC 456 (2015) 763–767, Deog Su Hwang’s group at Seoul National 
University reported that Cdc6, an evolutionally conserved replication factor 
essential for pre-RC formation, is localized to centrosomes during S-G2 
phase [8]. The group identified a 56 amino acid segment of Cdc6 which is 
sufficient for centrosome localization. Similar finding was reported by 
other group later in the same year [9]. This is an important paper that 
clearly indicated an important function of Cdc6 in regulation of the 
centrosome functions. Further studies showed Cdc6 negatively regulates 
the microtubule-organizing activity of the centrosome by inhibiting the 
recruitment of pericentriolar material (PCM) proteins to the centrosome 
[10,11]. Furthermore, Cdc6 was shown to inhibit over-duplication of 
centrosomes [11,12]. Orc1 was reported to control centrosome copy 



number [13]. 

Orc2 is known to localize to centrosomes [14], and the partner of Cdt1, 
Geminin, was also reported to associate with centrosomes [15]. The finding 
by Hwang added Cdc6 to the list of centrosome-associated replication 
factors. Other groups also reported association of Mcm components to 
centrosomes [16,17]. Further functional analyses of the centrosome 
localization of replication factors led to a general conclusion that pre-RC 
factors negatively regulate centrosome biogenesis. 
 

These findings revealed unexpected roles of pre-RC factors in regulation of 
centrosome duplication, in addition to its roles in genome duplication. 
Replication of DNA and duplication of centrosomes are two essential 
events for cell proliferation, that need to occur “once and only once” during 
cell cycle in a coordinated manner. pre-RC components play pivotal roles 
in ensuring ordered and controlled execution of DNA replication and 
mitosis, firstly by assembly of replication complexes in a proper timing and 
secondly by defining the timing of centrosome duplication and prevention 
of its overduplication.  

 

The diverse functions of pre-RC factors in cell cycle progression predict 
existence of diseases caused by their mutations. Indeed, an autosomal 
recessive Meier-Gorlin syndrome (MGS) [18-21], an entity of 
Microcephalic primordial dwarfism, has been shown to be caused by 
mutations in preRC components including Orc1, Orc4, Orc6, Cdt1 and 
Cdc6 [22]. In view of the multiple roles of the preRC factors during cell 
cycle, as described above, mutations in these genes would affect cell 
proliferation and survival by affecting DNA replication and nuclear/ cell 
divisions as well as coupling of these processes.  
 
In addition to the roles of pre-RC factors in DNA replication and 
chromosome separation, a striking defect in the rate of formation of 



primary cilia, a modified centriole, was detected in mutants of preRC 
components. It was also proposed that reduced efficiency in forming cilia 
could be responsible for clinical features of MGS [23]. 
 
Factors participating the processes of DNA replication have been largely 
identified, and the mechanisms of how they regulate different steps of 
DNA replication are being elucidated at a rapid rate. However, the 
functional analyses of replication factors on cellular and an animal level 
will continue to reveal their unexpected functions. Studies using genetically 
manipulated model species carrying specific forms of mutations or those 
bearing a tissue/ organ-specific gene knockout are being awaited to fully 
understand the biological functions of replication factors. 
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Legends to figure 
During the G1 phase of the cell cycle, pre-RC factors play essential roles in 
assembly of a protein complex that is prerequisite for initiation of DNA 
replication. Pre-RC formation is strictly prohibited once S phase is initiated. 
Pre-RC factors binds to centrosomes and inhibits overduplication of 
centrosomes. Its role is generally inhibitory for the centrosome functions, 
and it may be required for timely and regulated duplication of centrosomes. 
Pre-RC factors may also inhibit formation of cilia, The two lower panels 
are cell images from ref. 8 (red, Cdc6 protein), and the upper panel is from 
ref. 23 (green, acetylated tubulin [entire cilia]; red, γ-tubulin antibodies [the 
basal body]). 
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Centrosome

Centrosome Deanition
Centrosome is a microtubule-organizing centre in animal cells. It is also known as MTOC or “Microtubule
Organizing Centre”.

Structure of Centrosome

Centrosome Structure

The centrosome is made up of two perpendicular centrioles, a daughter centriole
(https://byjus.com/biology/centriole/), and a mother centriole, linked together by interconnecting abres. It
consists of a complex of proteins that helps in the formation of additional microtubules. An amorphous
pericentriolar matrix surrounds the centrioles. It is involved in the nucleation and anchoring of cytoplasmic
microtubules.

The centrosomes in the animal cells are very much like DNA. During cell division, one centrosome from the
parent cell is transferred to each daughter cell. In proliferating cells, the centrosome starts dividing before the S-
phase begins. The newly formed centrosomes participate in organizing the mitotic spindles. During Interphase,
the centrosome organizes an astral ray of microtubules that help in intracellular traicking, cell adhesion, cell
polarity, etc.

In post-mitotic cells, the centrosome consists of a mature centriole and an immature centriole, known as the
mother centriole and daughter centriole respectively.

Centrosomes are not present in plant and animal cells. This is because there is no change in the shape of the
cell membranes of these organisms during cell division.

The centrosome cycle consists of four phases:

1. G1 phase where the duplication of centrosome takes place.
2. G2 phase where the centrosome maturation takes place.
3. Mitotic phase where the centrosome separation takes place.
4. Late mitotic phase where the chromosome disorientation takes place.
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2. Materials and methods

2.1. Cell culture

U2OS human bone osteosarcoma cells were cultured in Dul-
becco’s modified Eagle medium (DMEM) supplemented with 10%
fetal bovine serum and antibiotics (penicillin/streptomycin).

2.2. Immunofluorescence microscopy

Cells grown on coverslips were fixed with 4% paraformaldehyde
for 15 min, followed by treatment with cold methanol for 10 min.
Cells were permeabilized by incubation with phosphate-buffered
saline (PBS) containing 0.1% Triton X-100 (PBST) for 15 min. After
a 30-min incubation in blocking solution (PBS containing 3%
bovine serum albumin [BSA] and 0.1% Triton X-100), cells were
immunostained with monoclonal anti-Cdc6 antibody (Abcam),
anti-pericentrin [22], anti-cyclin E (Santa Cruz), anti-cyclin A
(Santa Cruz), anti-cyclin B (Santa Cruz), and anti-c-tubulin (Sigma).
Anti-C-Nap1 antibodies [23] were previously described. Cells were
washed three times with PBST, incubated with Cy3- or FITC-
conjugated anti-rabbit or anti-mouse secondary antibody, washed
three times with PBST, and then mounted on glass slides with

mounting media (Biomeda Corp.) containing 1 lg/ml 40,6-diamidi-
no-2-phenylindole (DAPI, Vectashield). Cells were viewed using an
Olympus BX51 microscope.

3. Results and discussion

3.1. Cdc6 localizes to the centrosomes of S- and G2-phase cells

A subpopulation of Cdc6 has been reported to exist at the cen-
trosomes and spindle poles of mitotic cells [24,25]. In contrast,
Cdc6 was also observed at the centrosomes of interphase cells
[24]. To clarify the difference in the centrosomal localization of
Cdc6 during cell cycle progression, the centrosomal localization
of Cdc6 was assessed by immunofluorescence analysis of U2OS
cells using anti-Cdc6 monoclonal antibody (Fig. 1A). The morphol-
ogy of the DAPI-stained nuclei indicated that the cells were in
interphase. Colocalization of Cdc6 and c-tubulin, which is a centro-
somal protein [26], implied that Cdc6 localized to interphase cen-
trosomes. Even after extraction of cells with 0.1% Triton X-100
prior to immunostaining, Cdc6 was detected in the centrosomes.
Transiently expressed DsRed-tagged Cdc6 (DsRed-Cdc6) also colo-
calized with c-tubulin, as well as with the GFP-tagged centrosomal
proteins centrin2, C-Nap1, and the PACT domain of AKAP450 [27]

Fig. 1. Cdc6 localizes to S- and G2-phase centrosomes. (A) Immunostaining of U2OS cells for Cdc6 and c-tubulin (c-tub) with or without permeabilization in PBST (pre-
extraction). Nuclei were counterstained with DAPI. Arrowheads indicate centrosomes. Fields containing centrosomes are shown at higher magnification in insets. (B) U2OS
cells were cotransfected with DNA constructs encoding DsRed-Cdc6 and the indicated GFP-tagged centrosomal markers. Arrowheads indicate centrosomes. Nuclei were
counterstained with DAPI. (C) HeLa cells were synchronized by double-thymidine block and release. Cell cycle progression was analyzed by FACS analysis. (%) described
percentage of cells exhibiting co-localization of Cdc6 with c-tubulin. (D) Localization of Cdc6 and c-tubulin in U2OS arrested with paclitaxel or nocodazole (Noc) and released
from nocodazole arrest. Scale bar: 10 lm.
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centrosomes. The upstream region of amino acid residue 311 of
fragment 197–366 somehow reduced centrosomal localization to
52% relative to the C-terminal or 311–366 fragment with >90%.
The ability to localize the DsRed-tagged Cdc6 fragment to
centrosomes indicated that a centrosome localization signal (CLS)
is contained within amino acid residues 311–366.

The Cdc6 CLS region was conserved in the Cdc6 homologues of
other eukaryotes and contained a leucine-rich domain (Fig. 3A).
The CLS region contains a putative nuclear export signal (NES),
UX1–3UX2–3UXUX (Fig. 3B); U indicates a large hydrophobic resi-
due, such as Leu, Ile, Val, Met, and X indicates any amino acid
[34]. This leucine-rich domain is found in other proteins, including
BRCA1 and BRCA2, that localize to the centrosome (Fig. 3B). NES1
of BRCA1 was shown to participate in centrosomal localization of
BRCA1 [35,36], and NES1 and NES2 of BRCA2 are involved in the
centrosomal localization of BRCA2 [34].

Cdc6 localized to S and G2 phase centrosomes (Fig. 1). Consis-
tently, DsRed-Cdc6 localized to the centrosomes of cyclin A- and
cyclin B-positive cells with >90% frequencies (Fig. 3C). Cyclin A is
a S and G2 phase cyclin and cyclin B is a G2 phase cyclin [37]. How-
ever, DsRed-CLS was found in the centrosomes of cyclin E-positive
cells, implying that the cells are in G1 phase, in addition to cyclin
A- and cyclin B-positive cells. No significant signal of DsRed-CLS
was detected at mitotic centrosomes. These results suggested that
CLS of Cdc6 possesses centrosome localization signal that operates
during interphase.

Leu313 and Ile316 of DsRed-Cdc6 were substituted with Ala
(L313A/I316A, LI/AA) in DsRed-tagged Cdc6 and Cdc6-CLS frag-
ment. Like full-length wild-type Cdc6, full-length mutant Cdc6
(Cdc6-LI/AA) was present in the cytoplasm, but did not localize
to centrosomes (Fig. 3C). In contrast, the mutant CLS fragment
(CLS-LI/AA) did not localize to either the cytoplasm or centrosome,
but remained in the nucleus. The NESs in other regions of Cdc6
were shown to be responsible for export of Cdc6 to the cytoplasm
[8]. Therefore, the Cdc6-DCLS and Cdc6-LI/AA mutant proteins,
bearing absent and mutated CLS regions, respectively, did localize

to the cytoplasm (Figs. 2B and 3C). These results suggest that the
Cdc6 CLS functions in centrosomal localization of Cdc6 and not in
nuclear export of the full-length protein.

Although Cdc6 participates in pre-RC formation in the nucleus
during G1 phase, Cdc6 mRNA and protein levels increase in S
phase, with a limited amount of Cdc6 present in G1 phase [20].
Also, non–chromatin-bound Cdc6 is exported from the nucleus in
G1/S transition phase. Centrosomal localization of Cdc6, along with
the increased protein level and export from the nucleus of Cdc6, in
S and G2 phases suggests that Cdc6 plays important functions in
the centrosomes.

Cdc6 possesses a CLS sequence that is responsible for centro-
somal localization of Cdc6 (Figs. 2 and 3). The Cdc6 CLS contains
a leucine-rich domain, which is also preserved in NESs. The Cdc6
CLS fragment was present in both the cytoplasm and centrosomes.
On the other hand, mutation of the leucine-rich domain of the Cdc6
CLS fragment resulted in defects in cytoplasmic as well as centro-
somal localization, suggesting that this domain functions as a NES
as well as a CLS. Cdc6 contains several putative NES sequences,
which are responsible for transport of Cdc6 to the cytoplasm from
the nucleus [8], and other NESs, distinct from the NES sequence in
Cdc6-CLS, have been shown to contribute to the cytoplasmic local-
ization of Cdc6. Therefore, mutation of the leucine-rich sequence of
Cdc6-CLS of Cdc6 full-length protein did not affect the localization
of the mutant Cdc6 to the cytoplasm; however, the mutant protein
did not localize to the centrosome. These results suggest that the
centrosomal localization of Cdc6 is carried out specifically by the
Cdc6-CLS.
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Fig. 3. Cdc6 centrosomal localization signal sequence. (A) Amino acid sequences of human and homologous CLSs. Asterisks indicate amino acids substituted to inactivate CLS.
Nuclear export signal (NES) consensus sequences are boxed in red. (B) Comparison of amino acid sequences of Cdc6 CLS and NESs of BRCA1 and BRCA2 [34]. X indicates any
amino acid. (C) Asynchronously grown U2OS cells were immunostained with anti-c-tubulin and anti-cyclin E (monoclonal, mouse), anti-cyclin A (rabbit), or anti-cyclin B
(monoclonal, mouse). Representative images were shown of cells expressing full-length (FL) Cdc6 and the CLS fragment. LI/AA indicates mutant carrying substitutions L313A
and I316A in the CLS. (%) described percentage of cells containing the indicated protein at centrosomes.
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directly to Smo. Treatment with SAG, therefore, causes accumu-
lation of Smo at the cilia. To assess whether the diminished ability
to form cilia following loss of ORC1 affects Shh signalling, we
examined Smo localisation at cilia following treatment with SAG.
We utilised patient derived primary fibroblasts to allow the
inclusion of IFT43-, WDR35-, and PCNT-deficient primary
fibroblasts as controls. At 72 h post serum starvation in the
absence of SAG, we observed that the majority (.80%) of control
fibroblasts have formed cilia (Figure 4A; detected using acetylated-
tubulin antibodies) but Smo was localised in a diffuse pan nuclear
manner (Figure 4B i). When SAG was added for the final 24 h,
Smo localised to the cilia, with ,50% of the cells showing
colocalised acetylated-tubulin and Smo (Figure 4B and 4C).
IFT43-, WDR35- and PCNT-deficient fibroblasts formed cilia at a
similar level to wild-type control cells after serum starvation,
although the acetylated-tubulin staining pattern was frequently
abnormal (Figure 4D). This is consistent with previous findings
that cilia form at close to normal levels in IFT43- and WDR35-
deficient patient cells [37,38]. Although one study has shown that
PCNT is required for ciliogenesis, subsequent work using a
hypomorphic mouse strain suggested that PCNT was essential for
olfactory cilia assembly but dispensable for ciliogenesis in non-
neuronal epithelial cells [19,20]. The normal level of cilia
formation here may reflect the latter finding or the fact that
PCNT function is not fully abrogated in the patient cells. In
contrast to wild-type control cells, Smo localised at the cilia in a

detectable fraction of non-SAG treated cells in the three patient-
derived cell lines suggesting some potential functional deficiency
(Figure 4C). In the presence of SAG, the fraction of cells with Smo
localised at the cilia increased slightly but for IFT43- and more
markedly PCNT-deficient cells, the fraction with co- localised Smo
remained below the level in control cells (Figure 4C). Additionally,
in these three cell lines (IFT43, WDR35 and PCNT) the staining
for Smo appeared non-uniform compared to that observed in
control cells exposed to SAG (Figure 4D). These findings are
consistent with the impact of IFT43 and WDR35 on retrograde
intraflagellar protein transport (but normal anterograde transport),
a downstream step in cilia function, rather than on cilia formation
or Smo activation. PCNT deficiency in fibroblasts confers a
distinct phenotype with most cells forming cilia normally but with
diminished or abnormally co-localised Smo without or with SAG.
This substantiates the findings described above that cilia formation
is only modestly compromised by PCNT deficiency and demon-
strates that cilia function is more markedly impaired.

Finally, ORC1-deficiency results in dramatically impaired cilia
formation (as described above) and hence few cells have localised
or accumulated Smo either without or with SAG treatment
(Figure 4A and 4C). However, assessment of the fraction of ciliated
cells that showed co-localised Smo after SAG revealed that ORC1
deficiency, whilst compromising cilia formation, did not affect the
ability to localise Smo in the reduced number of ciliated cells
(Figure 4E). IFT43, WDR35 or PCNT deficiency conferred a

Figure 3. Deficiency in origin licensing proteins dramatically impairs cilia formation. a–b) Control (C) or ORC1-deficient cells were induced
to enter G0 by serum starvation for 24 or 48 hr and processed to identify cilia using anti-acetylated tubulin and anti-c-tubulin antibodies to mark the
entire cilia or the basal body, respectively. Lower panel shows that in ORC1-hTERT fibroblasts immunostaining with a-acetylated tubulin reveals
extended perinuclear microtubular arrays around the centrosome in distinction to the ordered alignment in control cells and as reported for other
cilia defective cells [56]. c) Control (C) or ORC1-deficient hTERT cells were monitored for long term cilia formation as above after the indicated
numbers of days of serum depletion. d) Origin licensing proteins were knocked down with siRNA in control hTERT cells, serum starved for 24 hrs then
analysed for cilia formation as above. Although a marked defect is observed in cilia formation up to 48 h post serum starvation, cilia can form in
around 50% of the cells when examined 4–5 days post serum starvation. e) ORC1-P4 hTERT cells were transfected with empty plasmid or plasmid
expressing GFP-tagged ORC1 cDNA and positive cells detected with anti-GFP antibodies. The percent of GFP+ cells, representing those that have
been successfully transfected, with cilia was assessed as in panel (d). ORC1 cDNA expression resulted in rescue of the defect in cilia formation. Figure
S2a shows cilia formation in a gfp+ versus gfp2 cells.
doi:10.1371/journal.pgen.1003360.g003
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