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association observed in wild-type cells was
missing in the mutant (Fig. 3C, fig. S5). The
missing late S phase peak was not due to an
absence of telomere-bound Cdcl3p, as we
observed no difference in telomere binding
between cdcl3-2 protein and wild type
Cdcl13p (I7). For Estlp, cell cycle ChIP
showed that, if anything, telomere binding
was slightly enhanced at most time points in
cdc13-2 cells (Fig. 3C, fig. S5). The cdcl3-2
allele is deficient in interaction with Stnlp
(20). It is possible that the increase in Estlp
telomere association in cdcl3-2 cells reflects
increased telomere accessibility due to a lack
of steric hindrance from Stnlp. Regardless,
from these data we conclude that Estlp is
fully able to associate with telomeres in a
cdc13-2 background.

Telomerase action is not observed in G,
phase cells, yet we observed strong 7LCI-
dependent telomere association of Est2p, the
catalytic subunit, at that time point (Figs. 2
and 3, fig. S2). Access of the Est2p-TLCI
RNA complex to chromosome ends is, there-
fore, not sufficient for telomerase action in
vivo. The Est2p signal was decreased, but not
eliminated, in early S phase, reflecting either
dissociation of Est2p from a subset of telo-
meres or decreased cross-linking efficiency,
possibly through a change in conformation or
in neighboring components of telomeric
chromatin. We observed a second peak of
Est2p telomere association in late S phase
(Fig. 2B). The fact that this peak did not
occur in the telomerase-defective cdcl3-2
background suggests that it reflects an essen-
tial process for telomerase action in vivo (Fig.
3C, fig. SS). Our findings suggest that two
key events are concurrent with the late S
phase Est2p peak: multimerization of Cdc13p
on the G tail and Estlp binding. We propose
that Estlp is a cell cycle regulated (Fig. 2A)
activator of telomerase that binds to an inac-
tive, telomere-bound Est2p-TLC1 RNA com-
plex in late S phase and then interacts with
one or more Cdcl3p molecules arrayed on
the G tail. This interaction changes the state
of bound Est2p, either through binding of
additional Est2p (e.g., dimerization) (2/) or a
conformational change that enhances cross-
linking; this is manifested as the late S phase
peak of Est2p telomere association and re-
sults in activation of telomerase for synthesis.
The cdcl3-2 mutation disrupts a functional
interaction with Estlp (6). Because Estlp
telomere association is robust in cdcl3-2
cells (Fig., 3, B and C), this functional inter-
action must be separable from and down-
stream of Estlp telomere binding. We pro-
pose the telomerase deficiency of the cdc13-2
allele reflects failure to interact properly with
telomere bound Estlp to promote activation,
resulting in persistence of inactive Est2p at
the telomere and concurrent loss of the late S
phase peak. We detected decreased but still
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considerable Est2p telomere association after
S phase (Fig. 2B; fig. S2), suggesting that at
least a subset of Est2p remains bound to
telomeres for the remainder of the cell cycle,
perhaps as a protective cap (21). Because the
G, peak of association followed low associ-
ation in M phase (/7), Est2p appears to load
onto telomeres again at the beginning of the
next cell cycle.
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Orc6 Involved in DNA
Replication, Chromosome
Segregation, and Cytokinesis

Supriya G. Prasanth, Kannanganattu V. Prasanth, Bruce Stillman*

Origin recognition complex (ORC) proteins serve as a landing pad for the
assembly of a multiprotein prereplicative complex, which is required to initiate
DNA replication. During mitosis, the smallest subunit of human ORC, Orc6,
localizes to kinetochores and to a reticular-like structure around the cell pe-
riphery. As chromosomes segregate during anaphase, the reticular structures
align along the plane of cell division and some Orc6 localizes to the midbody
before cells separate. Silencing of Orc6 expression by small interfering RNA
(SiRNA) resulted in cells with multipolar spindles, aberrant mitosis, formation
of multinucleated cells, and decreased DNA replication. Prolonged periods of
Orc6 depletion caused a decrease in cell proliferation and increased cell death.
These results implicate Orc6 as an essential gene that coordinates chromosome
replication and segregation with cytokinesis.

The initiation of DNA replication in eukaryotic
cells is a highly regulated process that leads to
the duplication of the genetic information for
the next cell generation. Duplication of chro-
mosomes in S phase is followed by segregation
of the resultant sister chromatids during mitosis
({). Initiation of DNA replication is mediated
by a conserved set of proteins, including ORC,
which is bound to origins of DNA replication
and is highly conserved (2—4). In human cells,
ORC consists of six subunits. In Drosophila
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embryos, Orc6 forms a complex with other
ORC subunits, but there is a major fraction of
Orc6 that is not part of the ORC complex, a
function for which is hitherto unknown (3, 6).
Although ORC acts as a DNA replication ini-
tiator protein, it is known to function in other
cellular processes such as transcriptional gene
silencing and heterochromatin formation (2).
To function in DNA replication, ORC proteins
need to be recruited to chromatin, but their fate
during mitosis has not been clearly established.

We used immunofluorescence to investi-
gate the cell cycle localization of Orc6 pro-
tein in human cells. The polyclonal antibody
to Orc6é (anti-Orc6) (7) was highly specific
(fig. S1). Orc6 was localized in the nucleus
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during interphase (Fig. 1A, a). During
prophase and during later stages of mitosis, a
fraction of the Orcé6 protein showed a reticu-
lar-like pattern around the cell periphery (Fig.
1A, b). A similar pattern has been reported
for Drosophila Orc6 (6). The reticular struc-
ture containing Orc6 was adjacent to the
chromatin during metaphase (Fig. 1A, c) as
well as during early and late anaphase in a
position that defined the eventual cell divi-
sion plane at cytokinesis. By late anaphase
the Orc6 reticular structures aggregated, be-
came larger, and were mostly present at the
midzone (Fig. 1A, e to g). Orc6 began to
redistribute to the daughter nuclei by telo-

Fig. 1. Cell cycle distribution of
Orc6. (A) Cells were fixed with
1.7% paraformaldehyde; immu-
nostaining was carried out ac-
cording to standard protocols.
Indirect immunofluorescence lo-
calization (red) of Orc6 proteins
is shown in Hela cells during
interphase (a), prophase (b),
metaphase [(c and d), where (c)
highlights the reticulate pattern
of Orc6 distribution and (d)
shows the kinetochore pattern
during metaphase], early an-
aphase (e), late anaphase (f),
early telophase (g), and telo-
phase (h). The images were ob-
served at different focal planes
in round mitotic cells, so pat-
terns may vary between images.
In (2’) to (h'), chromatin was
stained with 4',6'-diamidino-2-
phenylindole  (DAPI)  (blue).
Scale bar, 5 um. (B) Immunoflu-
orescent localization of Orcé
protein in Hela metaphase
chromosomes shows a doublet
characteristic of centromere
binding proteins. (C) Orc6 im-
munofluorescence in rat kanga-
roo pTK2 cell chromosomes,
showing centromere binding in
metaphase spreads. Orc6 (red)
was detected at the primary
constriction as two dots per
chromosome (DAPI in blue).
Scale bar, 5 pm.
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phase (Fig. 1A, h), but a subset of Orc6
localized to the midzone between the joined
cells to form the midbody (Fig. 1A, h). In
addition to the reticular-like pattern, from
prophase through anaphase, Orc6 showed a
punctate pattern on chromosomes (Fig. 1A, b
to f) resembling the localization of centro-
mere binding proteins (8). By telophase, Orc6
no longer showed the punctate pattern. Sim-
ilar observations for Orc6 were made in pri-
mary fibroblasts IMR-90 and FHs 738lu and
in tumor-derived U20S and MCF7 cells (9).
In addition, the centromeric localization of
Orc6 was confirmed on metaphase spreads of
HeLa cells (Fig. 1B) and in a rat kangaroo

Orcé

Orcé

Orcé

h
C

DAPI + Orc6

a'
Orc6 DAPI

b
c' d
DAPI Orc6
e' f T
DAPI Orcé
gl hl
DAPI Orcé

cell line, pTK2 (Fig. 1C); these findings sug-
gest evolutionary conservation of the regulat-
ed localization of this protein in mammalian
cells.

Centromeres are sites of kinetochore as-
sembly, and the centromere-kinetochore
complex integrates regulatory signals re-
quired for mitotic progression (8). Costaining
with antisera to the inner kinetochore from
patients with calcinosis, Raynaud’s phenom-
enon, esophageal dysmotility, sclerodactyly,
and telangiectasia (collectively abbreviated
as CREST) and anti-Orc6 showed signifi-
cant, but not precise, overlap (Fig. 2, a to c).
The paired foci of Orc6 on the aligned sister

DAPI + Orcé
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chromatids during metaphase showed that the
distance between the spots was greater than
the distance to the inner kinetochore CREST
doublet (Fig. 2, b"). Double immunostaining
of Orc6 and outer kinetochore proteins, in-
cluding the mitotic checkpoint kinases Mad3
(also referred to as BubIR) (Fig. 2, d to d")
and Bubl (Fig. 2, e to €¢”) and the motor

Fig. 2. Kinetochore lo-
calization of Orc6 dur-
ing prophase (a and
e), metaphase (b, d,
and f), and anaphase
(c). Dual-color indi-
rect immunofluores-
cence analysis used
anti-Orc6 (red, a to f)
together with CREST
(green, a’ to '),
Mad3 (d’), Bub1 (e’),
or CENP E (f'). Cells
were fixed with 0.5%
paraformaldehyde for
prominent kinetochore
staining of Orc6, under
which the reticular
staining is reduced. For
CENP E staining, cells
were pre-extracted in
0.2% Triton X-100,
followed by fixation
and standard anti-
body staining condi-
tions (27). Under these
conditions, Orc6 stain-
ing decreased consid-
erably. Merges (a” to
f”) highlight the areas
of colocalization (yel-
low). Insets in a”, b”, d”,
and e” are higher mag-
nification of the boxed
portion of the image,
showing closer local-
ization of Orc6 to the
outer than to the inner
kinetochore. Chroma-
tin was stained with
DAPI (blue) (@” to f").
Scale bar, 5 um.

Orc6

REPORTS

protein CENP E (Fig. 2, f to "), showed
significant colocalization, seen as yellow ar-
eas (Fig. 2, d”, ¢”, and f"). The outer kineto-
chore is a distinct and transitory domain of
each centromere that forms at prophase, func-
tions during the ensuing stages of mitosis,
and disassembles at the end of mitosis (/0).
The centromeric localization of Orc6 during

mitosis suggests that it associates with the
outer kinetochore. In interphase cells, we did
not detect any colocalization of Orc6 foci and
centromeres.

Cytokinesis is one of the most striking
morphological transformations occurring

during cell division (/7). The last stage of
cytokinesis requires resolving the midbody, a

Orc6

Orc6
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slender tube of cytoplasm with a phase-dense
Flemming body at its center that forms an
intercellular bridge between two incipient
daughter cells (/2). Proteins at the midbody
are known to provide molecular cues for the
spatial control of cytokinesis and for coordi-
nating the transition from mitosis to the G,
phase of the cell cycle (/2). Immunostaining
studies revealed a reticular pattern of Orc6 in
the cleavage furrow during anaphase, finally
concentrating at the Flemming body in telo-
phase. The localization of Orc6 protein (Fig.
3A) with the known midbody-associated pro-
teins actin (Fig. 3A, a') and ubiquitin (Fig.
3A, b') showed Orc6 at the Flemming body
(Fig. 3A, a and b). Survivin, a chromosomal
passenger protein that also localizes with ki-
netochores (/3), flanks Orc6 within the Flem-
ming body (Fig. 3A, c’). In contrast, CENP E
precisely colocalized with Orc6 at the Flem-
ming body (Fig. 3A, d”). Transiently ex-
pressed yellow fluorescent protein ( YFP)-
Orc6 fusion protein in HeLa cells showed
similar patterns of localization (fig. S2). Bio-
chemically purified midbodies from HeLa
cells (I4) were also positive for Orc6 (Fig.
3B) (fig. S3).

The presence of Orc6 at the kinetochore
and its subsequent aggregation at the mid-
zone during the metaphase-anaphase transi-
tion suggests that it is functionally related to
the class of chromosomal passenger proteins.
Members of this class, which include IN-
CENP, survivin, Aurora kinase, and TD-60,

www.sciencemag.org
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show similar dynamic distribution in mitosis
(15). This suggests that Orc6 might coordi-
nate chromosome replication and segregation
with cytokinesis.

In Saccharomyces cerevisiae, Orc6 is an
essential gene, but in vitro it is not required
for ORC binding to the origins of DNA rep-
lication (/6). Yeast Orc6, however, under-
goes cell cycle-regulated phosphorylation by
cyclin-dependent protein kinase and is dephos-
phorylated as cells exit mitosis (/7). The
Drosophila Orc6 is required for ORC DNA
binding (6) but is not required for replication
licensing in Xenopus (18). Thus, Orc6 may be
involved in function(s) other than initiation of
DNA replication.

To assess the importance of the regulated
subcellular localization of human Orc6 protein,
we transfected Orc6 siRNAs into asynchro-
nously growing HeLa cells (79, 20). Immuno-
blot analysis of treated cells showed that Orc6
was greatly decreased by 48 hours (after two
rounds of transfection) and almost completely
lost by 72 hours (after three rounds of transfec-
tion; Fig. 4A). In contrast, Orc2 and a-tubulin
proteins did not show any change in cells treat-
ed with Orc6 siRNA (Fig. 4A). The cells trans-
fected with GI3 siRNA as control showed nor-
mal levels of Orc6, Orc2, and a-tubulin pro-
teins (Fig. 4A, lanes 3, 6, and 9). Immunostain-
ing with anti-Orc6 corroborated the

immunoblot results, showing knockdown of
Orc6 staining (figs. S4 and S5).
The phenotypes observed after Orc6

controls.
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siRNA treatment were complex, revealing
defects at multiple stages of the mitotic cycle,
and varied with time of siRNA treatment.
Two sets of Orc6 siRNA duplexes revealed
similar phenotypes with insignificant varia-
tions. Orc6 siRNA treatment caused in-
creased polyploidy (Fig. 4B; Fig. 4C, a to f)
and the number of multinucleate cells in-
creased to 32% by 120 hours after siRNA
treatment (Fig. 4B). In addition, silencing of
Orc6 expression resulted in cells with multi-
polar spindles (Fig. 4C, g and h) and aberrant
mitosis (Fig. 4C, 1). Strikingly, in many Orc6
siRNA—treated cells (at 150 hours), the abil-
ity of chromosomes to align in a metaphase
plate was abolished (Fig. 4C, j). Prolonged
periods of Orc6 depletion caused a decrease
in cell proliferation and increased cell death.

Similar studies based on RNA interfer-
ence (RNAI) carried out with Drosophila IN-
CENP and Aurora B showed defects in chro-
mosome alignment, segregation, and cytoki-
nesis (27). In addition, null embryos of mice
lacking survivin show disrupted microtubule
formation and became polyploid (22). HeLa
cells transfected with CENP E siRNA re-
vealed defects in chromosome congression to
the spindle equator and production of multi-
polar arrays (23). The mitotic phenotypes
observed after Orc6 siRNA treatment were
distinct from those obtained after Orc2
siRNA treatment (9). The latter showed a
substantial decrease in bromodeoxyuridine
(BrdU) staining (20 to 25% positive for BrdU

Fig. 3. Orc6é concen-
trates to the midbody
region at the Flemming
body during human cell
cytokinesis. (A) Double-

Orcé label indirect immuno-

~= survivin fluorescence staining of
— Hela cells for actin (a’),
Rotin ubiquitin (b), survivin
o-Tubulin (c'), o[r CENP(E (d) \ﬁith
Orcé6 [in red, (a to d)] in

CRPA  the midbody region dur-
SF/AsF ing telophase. Corre-

sponding merged imag-
es (a” to d”) show areas

of colocalization in yellow. CENP E immunostaining conditions
were as in Fig. 2. Scale bar, 5 pm. (B) Immunoblot analysis of
a biochemically purified fraction of the midbody. Proteins from
whole-cell extract of asynchronous cells (lane 1), telophase-
enriched population (lane 2), and midbody sample (lane 3)
were analyzed by SDS-polyacrylamide gel electrophoresis.
Orc6, survivin, actin, and o-tubulin were present in the mid-
body fraction. Antibodies to CENP A and SF2/ASF (a splicing
factor involved in pre-mRNA processing) were used as negative
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by 60 hours) and an M-phase arrest, resem-
bling the phenotypes of Orc2 mutants of
treated Drosophila (24), but did not show
polyploidy and multinucleation (with 4 to 5%
multinucleation similar to that seen in control

REPORTS

GI3 cells). On the other hand, with respect to
mitosis and cytokinesis, Orc6 had similar
phenotypes to those of chromosomal pas-
senger and cell cycle checkpoint proteins,
further establishing that Orc6 might play an

important role as an integral component of
the cell cycle checkpoint machinery that
regulates cytokinesis.

The elimination of Orc6 also resulted in
significantly decreased BrdU incorporation,

Fig. 4. Increased multinucleation upon silencing of Orcé

A B35 Increase in Ploidy expression in Hela cells by siRNA treatment. (A) Immuno-
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binucleate (a) and multinucleate cells (b and c). «-Tubulin
(green) and DAPI (red) staining of binucleate cells at 24
hours after Orc6 siRNA treatment (d), trinucleate cells at 48
hours (e), and multinucleate cells at 120 hours (f) showed
these nuclei to be DAPI-positive, although variably in (f).
Cells transfected with Orc6 siRNA showed multipolar spin-
dles (g and h), aberrant mitosis (i), and apparent failure to
align chromosomes by 150 hours after Orc6 siRNA treat-
ment (j) by a-tubulin staining. Scale bar, 5 pm.

- Tubulin+tDAPI

Fig. 5. Human Orc6 silencing causes loss of DNA replication. (A) Histogram showing
the percentage of cells incorporating BrdU after transfection with Orc6 (6.13 and 6.17)
or luciferase (GI3) siRNA duplexes. BrdU incorporation was allowed for 24 hours to
ensure that all cells had the chance to pass through at least one S phase. (B)
Multinucleate cells with variable levels and pattern of BrdU incorporation (a’), Orc2
indirect immunofluorescence for nuclei detection (a), and Nomarski (a”). Scale bar, 5
pm. (C) Staining of metaphase chromosomes with antibodies to BrdU after a 24-hour
BrdU label before colcemid treatment. A punctate pattern of replication in Orc6 siRNA
cells (a) and complete replication pattern in GI3 control cells (b).

VOL 297 SCIENCE www.sciencemag.org



suggesting down-regulation of DNA replication
and providing evidence for a role of human
Orc6 in DNA replication. BrdU incorporation
studies revealed 60 to 70% cells positive for
BrdU after 60 hours of transfection, and de-
creased to 20 to 30% cells after 108 hours (Fig.
5A). In the majority of multinucleate cells, one
or two nuclei showed much lower than normal
BrdU staining and the remaining nuclei had no
BrdU incorporation over a 24-hour period (Fig.
5B). Some cells transfected with Orc6 siRNA
duplexes showed an overall intensity of BrdU
staining considerably lower than that observed
in control cells (see figs. S5 and S6), suggesting
infrequent replication origin-firing. Because the
origins of DNA replication are redundant, it is
likely that most of the Orc6 had to be depleted
to reveal a complete defect in DNA replication.
BrdU incorporation followed by colcemid-in-
duced metaphase spreads following 108 hours
of Orc6 siRNA showed incomplete and lower
levels of BrdU incorporation during a 24-hour
label (Fig. 5C) (fig. S7). However, the control
cells (G13) showed complete staining of dupli-
cated chromosomes. The punctate incorpora-
tion of BrdU suggests that fewer origins fire,
resulting in a slower S phase. Similarly, Dro-
sophila larvae homozygous for Orc2 and Orc5
mutants progressed slowly through S phase and
showed vastly reduced BrdU incorporation;
these defects may have been caused by fewer
active origins (24).

In human cells, Orc6 functions in multiple
aspects of the cell division cycle, including
DNA replication, chromosome segregation, and
cytokinesis. It may be that Orc6 participates
independently in the mechanics of DNA repli-
cation, centromere function, and cytokinesis.
Alternatively, a significant defect in DNA rep-
lication caused by silencing of Orc6 might trig-
ger aberrant mitosis (or other downstream ef-
fects) by interfering with centrosome duplica-
tion (25). Although this scenario could explain
the spindle defects and polyploidy, it would not
explain the cytokinesis defects in cells lacking
Orc6. A reduction in DNA replication after
Orc2 siRNA treatment did not yield similar
phenotypes. Also, the Orc6 siRNA phenotypes
are consistent with Orc6 distribution to the ki-
netochores and midbody. A third possibility is
consistent with the Orc6 localization pattern
during the cell cycle: Orcé could be essential
for inducing or signaling to multiple cell cycle
checkpoints that coordinate the many processes
of the cell division cycle (26). In this model,
chromosome duplication, segregation, and cy-
tokinesis would be coordinated by a common
participant. A protein such as Orcé6 could cycle
from origins of DNA replication to centromeres
and the cytokinesis apparatus to ensure the
correct order and coordination of events.
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Impaired B and T Cell Antigen
Receptor Signaling in p1100
Pl 3-Kinase Mutant Mice
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Class 1A phosphoinositide 3-kinases (PI3Ks) are a family of p85/p110 het-
erodimeric lipid kinases that generate second messenger signals downstream
of tyrosine kinases, thereby controlling cell metabolism, growth, proliferation,
differentiation, motility, and survival. Mammals express three class IA catalytic
subunits: p110a, p1108, and p1103. It is unclear to what extent these p110
isoforms have overlapping or distinct biological roles. Mice expressing a cat-
alytically inactive form of p1105 (p1103°9'°4) were generated by gene tar-
geting. Antigen receptor signaling in B and T cells was impaired and immune
responses in vivo were attenuated in p110d mutant mice. They also developed
inflammatory bowel disease. These results reveal a selective role for p1103 in

immunity.

There is increasing evidence for an important
role for class IA PI3Ks in regulation of the
immune system (I—4). Mice lacking the
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p85a regulatory subunit show impaired B
cell development and activation but normal T
cell activation, whereas T cell-restricted de-
letion of the gene for the phosphoinositide
3-phosphatase PTEN, a negative regulator of
PI3K signaling, results in a lethal lymphopro-
liferative disease (5-7). To date, the specific
role for each of the three class IA PI3K
catalytic subunits in lymphocyte signaling
has not been determined. p1108 is expressed
predominantly in leukocytes (8, 9), which
indicates that it may play a unique role in
immune signaling.

The study of class IA PI3Ks is complicated
by the heterodimeric nature of these proteins,
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