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the ORC1 subunit in mammalian cells leads to its
accumulation at the nuclear envelope and to subsequent
cell death [28]. However, this phenotype may be a gen-
eral misfolded protein response, resulting in the for-
mation of aggresomes (I. Archibold and DM Gilbert,
unpublished) [29] rather than an ORC-specific cellular
mechanism. Another report suggests that a mammalian-
like apoptosis response to the orc2-1 mutation may be
triggered by excessive checkpoint activation [30]. Hence,
the majority of papers describing roles for ORC in S-
phase checkpoint activation and apoptosis can be traced
to its primary role in the assembly of pre-RCs.

Mitotic chromosome assembly: condensation
and spindle attachment

Defects in passage through mitosis are a common phe-
notype of ORC mutants. In budding yeast, many ORC
mutations activate the mitotic spindle assembly check-
point that monitors bipolar attachment of microtubules to
kinetochores, and disabling this checkpoint can abrogate
mitotic arrest [25°]. It is not clear how ORC could
influence spindle assembly, but chromatin immuno-pre-
cipitation in fission yeast localizes ORC1 and ORC4 to
the kinetochore in the absence of Mcm6 [31], suggesting
a non-replication role at the kinetochore. In human cell
lines, immuno-fluorescence studies found ORC2 to be
released from all chromatin except kinetochores from
late S-phase onwards, and to localize with tubulin at
centrosomes throughout the cell cycle [9], and also found
ORC6 localized to kinetochores specifically during mito-
sis [32]. Following siRNA knockdown of human ORC2,
many cells arrested in mitosis and were found to have
multiple centrosomes and abnormally condensed
chromosomes that were poorly aligned on the mitotic
spindle [9]. This suggests that ORC might coordinate the
completion of replication with centrosome duplication
and/or proper spindle attachment to kinetochores. How-
ever, centrosome amplification can be induced by DNA
damage [33], so this effect of ORC2 knockdown may
result from incomplete replication. It will be important
to identify mutations in ORC2 that affect centrosome
binding and to determine their effect on centrosome
regulation.

In Drosophila, defects in. ORC2, ORC4 or ORCS5
mutations lead to abnormally condensed chromosomes
[34-36]. Since similar phenotypes were observed with
mutants in other replication proteins (Mcm10, Cdc45,
Mcm2, Mcm4, Mcm5, Rfc4 and PCNA) [35,37], and the
condensation defects coincide with regions in which
replication timing is disrupted and resemble what is seen
when chromosome condensation is induced before the
completion of DNA synthesis (premature chromosome
condensation; PCC), it has been suggested that these
mitotic defects reflect an as-yet-uncharacterized mech-
anism coordinating DNA replication with chromosome
condensation and kinetochore function.

Recent observations have suggested a more direct role for
ORC in chromosome condensation. When isolated Xezno-
pus sperm chromatin is introduced into a Xenopus egg
extract, focal centers of the single-strand binding protein
RPA form on chromatin independent of DNA synthesis.
These centers persist throughout a cycle of DNA replica-
tion and are not removed until phosphorylated by Cdk1
during mitosis. Non-phosphorylatable mutants of RPA
cannot be removed during mitosis and in their presence
chromosomes cannot properly condense. Interestingly,
ORC2 — apparently even in the absence of other
ORC subunits — is necessary to recruit Cdk1 to chro-
matin, which facilitates RPA removal and proper chromo-
some condensation [38°]. However, it should be kept in
mind that the function of these RPA foci is not clear and
they have not been observed in other systems [39].

In summary, ORC has been implicated in the assembly of
mitotic chromosomes and the function of centromeres,
but no experiment has made a direct functional link
between ORC and these chromosomal functions. Hence,
it remains possible that many of the mitotic defects seen
with ORC mutations result from indirect effects of the
roles of ORC in replication or heterochromatin assembly.

Sister chromatid cohesion

After replication, sister chromatids must be held together
to facilitate their segregation during mitosis. This cohe-
sion is also essential to create the tension sensed by the
spindle assembly checkpoint [40]. It has recently become
apparent that there are two partially redundant mechan-
isms to achieve sister chromatin cohesion (SCC) and ORC
has been linked to both of these mechanisms, albeit so far
in different systems. The first mechanism is well charac-
terized and is mediated by cohesin proteins [40]. In
vertebrates, cohesin loads onto chromatin during telo-
phase, coincident with pre-RC assembly and, in Xenopus
egg extracts, pre-RCs are required to recruit cohesin onto
chromosomes and to establish cohesion. Hence, in this
system ORC is indirectly required for SCC via its role in
pre-RC assembly [41,42].

A novel mechanism for SCC that has been identified in
budding yeast is mediated directly by ORC, independent
of cohesin [43°°]. When budding yeast were rapidly
depleted of ORC2 during Gq-phase, they continued
through S-phase uninterrupted, as ORC is dispensable
for pre-RC maintenance, but were blocked in mitosis
through activation of the spindle checkpoint. Arrested
cells displayed precocious separation of sister chromatids
at most sites examined, a phenotype that could even be
induced by depleting ORC in cells after they were
arrested in mitosis with normal SCC. Cohesin was
recruited normally in these cells and the degree of pre-
cocious separation of chromatids in the absence of ORC
combined additively with the effects of cohesin
mutations, consistent with a prior study showing that
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ORC mutants are synthetic-lethal with mutations in the
cohesin complex [44], and strongly suggesting that ORC
directly mediates SCC by a mechanism independent of
cohesin. Importantly, whereas cohesin mutations could
not be restored by re-expression of cohesin in G,/M, re-
expression of ORC during G,/M completely restored cell
cycle progression, viability and re-joining of sister chro-
matids. Moreover, an array of ORC binding sites could
promote cohesion at a specific site without recruiting
cohesin, condensin, Sir2 or Suml. Together, this report
provides direct evidence that ORC can promote SCC by a
mechanism independent of replication or cohesin. It is
now of great interest to determine whether parallel
mechanisms exist in other eukaryotes. It is interesting
to note that Drosophila ORC1 is degraded by the anaphase
promoting complex [45], an enigma that could be partially
explained if in this system ORC degradation is necessary
to separate chromosomes.

It is as yet difficult to conclude whether ORC’s role in
cohesion is indirectly related to its role in heterochroma-
tin assembly. Heterochromatin is essential for SCC in
many systems [46,47], but in these cases SCC is mediated
through cohesin. Moreover, cohesion by ORC does not
appear to require the presence of Sir2,3,4 [43°°]
suggesting that if ORC mediates cohesion by promoting
a specific chromatin structure, it is probably not the same
silent chromatin structure that ORC promotes at HMR/
HML.

Coordinating cytokinesis with chromosome
segregation

In both Drosophila and mammalian cells, the smallest
subunit of ORC, ORC6, has been implicated in coordi-
nating cytokinesis with pre-RC formation and chromo-
some segregation, a role that it performs independently of
the rest of the complex. ORC6 localizes on its own to the
cellular membrane in Drosophila [48], which at the end of
mitosis is exaggerated at the cytokinetic furrow. A search
for ORC6 interacting partners identified the septin
protein pnut, and an ORC6 protein with a deletion of
its pnut interaction domain was shown to act in a domi-
nant-negative fashion to inhibit cytokinesis [49]. ORC6
also localizes to the cytokinetic furrow in mammalian
cells, co-localizing with midbody proteins that coordinate
segregation and cytokinesis [32]. RNAi/siRNA knock-
down in either Drosophila or human cells results in
reduction of DNA synthesis, but also in the prominent
appearance of cells that have completed mitosis without
cytokinesis (multinucleate cells), a phenotype that is not
seen following knockdown of other ORC subunits.
Together, these results provide compelling evidence
for a role for ORC6 in cytokinesis, and suggest that
ORC6 may coordinate cytokinesis with replication.

While this is an intriguing model, ORC6 has presented
something of an enigma in that its role in DNA binding

and even pre-RC assembly has been questioned. ORC6 is
dispensable for sequence-specific DNA binding of bud-
ding yeast ORC, although it is an essential protein 7z vivo
[1,50]. Human Orc6 is loosely bound to ORC and is also
dispensable for DNA binding [51]. Moreover, human
ORCI1-5 is sufficient to restore replication activity in
an ORC2-depleted Xenopus egg extract [51]. By contrast,
ORC6 is tightly associated with the Drosophila ORC and
is essential for both DNA binding and replication activity
in a Drosophila embryo extract [44]. Recently, Drosophila
ORC6 was shown to have DNA binding activity on its
own, with a specificity that can account for the poly(dA)
preference of ORC binding [52]). DNA binding is
mediated by a helix-turn-helix motif that is conserved
in vertebrate Orc6, and point mutations in this DNA
binding domain abolished DNA binding and replication
activity and had a dominant-negative effect on DNA
synthesis. This provides compelling evidence that Orc6
is critical for ORC function. The possibility that ORC6
was not depleted in the Xenopus egg extract experiments
needs to be investigated and is critical for interpreting the
role of Orc6 in coordinating replication and cytokinesis.

Ribosome biogenesis

In budding yeast, the essential protein Yphl, which is
required for 60S ribosomal subunit biogenesis, was found
to co-immunoprecipitate and co-purify with ORC in a
complex that also contained Mcm proteins [53]. While a
functional role for ORC in this complex still remains to be
demonstrated, it will be interesting to determine whether
this interaction reflects the existence of a pathway that
coordinates DNA replication and ribosome biogenesis
with cellular growth rates.

Tissue-specific roles for ORC: a glimpse of
what’s to come

Since ORC is a cell cycle regulatory protein, it makes
sense to speculate that downregulation of ORC might
accompany or even drive withdrawal from the cell cycle
during terminal differentiation of tissues, possibly
through de-repression of genes regulated by ORC. How-
ever, unique subsets of ORC subunits are expressed in
different mammalian tissues, including terminally differ-
entiated and non-proliferating tissues [54]. Are these
subunits being usurped for ancillary roles in tissue-
specific functions? Recent evidence argues that this is
the case.

In Drosophila, ORC2 and 3 localize to the pre-synaptic
terminals of terminally differentiated motor neurons, and
ORC3 mutations result in defects in learning and synaptic
plasticity [55,56]. Recently, Drosophila ORC2-5 (which
are thought to form a core complex that probably cannot
bind DNA without ORC1 and 6) were found to be highly
expressed in adult brains and localized to dendrites [57°°].
Little or no ORC1, ORC6, Mcms 2,4,6 or Cdc6 protein
could be detected. ORC2-5 were associated with synap-
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tosomic membranes. In cultured hippocampal cells,
siRNA knockdown of ORC3 or ORCS or overexpression
of a dominant negative orc3 severely impaired an early
step in the formation of dendritic branchpoints, and
overexpression of an Orc4 point mutation in the ATPase
domain resulted in hyper-branching. Since branching
involves reorganization of the actin cytoskeleton, and
since septins such as pnut are involved in aspects of actin
filament organization during cytokinesis [58], it is very
tempting to think of ORC as a participant in the process of
cellular morphogenesis, operating outside the nucleus
and independently of the cell cycle and potentially coor-
dinating dynamic events at the interface between cytos-
keleton and membrane biology.

Conclusions

At present, the literature on non-replication roles for ORC
is scattered and there are still many discrepancies be-
tween different model systems that need to be addressed.
ORC’s roles in replication and heterochromatin assembly
are clearly highly conserved in eukaryotes but the ques-
tion of why these two separable functions are carried out
by the same protein complex is still an unresolved and
very interesting issue. Many of the other suggested roles
for ORC are likely to be derived from these two primary
functions, but its roles outside the nucleus are clearly
independent. If the newly identified role of ORC in
cohesion in budding yeast is conserved in higher eukar-
yotes, it will have to be reconciled with the popular model
that metazoan ORC is removed from chromatin before
mitosis [2]. Likewise, a unified model for cross talk
between cytokinesis and pre-RC assembly mediated by
ORC6 will require reconciliation with results suggesting
that vertebrate ORC6 is dispensable for pre-RC assem-
bly. Suggested roles for ORC in centrosomes and cen-
tromere function are intriguing but will require more
rigorous demonstration of function beyond localization.
Finally, the role of ORC in neurogenesis and the selective
presence of different ORC subunits in various differen-
tiated tissues suggest that there will be many surprises in
the future.
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