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Prior to microtubule capture, sister centromeres resolve from one another, coming to rest on opposite
surfaces of the condensing chromosome. Subsequent assembly of sister kinetochores at each sister centromere
generates a geometry favorable for equal levels of segregation of chromatids. The holocentric chromosomes of
Caenorhabditis elegans are uniquely suited for the study of centromere resolution and subsequent kinetochore
assembly. In C. elegans, only two proteins have been identified as being necessary for centromere resolution, the
kinase AIR-2 (prophase only) and the centromere protein HCP-4/CENP-C. Here we found that the loss of
proteins involved in chromosome cohesion bypassed the requirement for HCP-4/CENP-C but not for AIR-2.
Interestingly, the loss of cohesin proteins also restored the localization of HCP-6 to the kinetochore. The loss
of the condensin II protein HCP-6 or MIX-1/SMC2 impaired centromere resolution. Furthermore, the loss of
HCP-6 or MIX-1/SMC2 resulted in no centromere resolution when either nocodazole or RNA interference
(RNAI) of the kinetochore protein KNL-1 perturbed spindle-kinetochore interactions. This result suggests that
normal prophase centromere resolution is mediated by condensin II proteins, which are actively recruited to
sister centromeres to mediate the process of resolution.

Attachment of a single kinetochore to both mitotic centro-
somes (merotelic orientation) is a frequent cause of aneu-
ploidy (8, 46). One safeguard against merotelic orientation is
the geometry of sister kinetochores. Sister kinetochores are
positioned on opposite surfaces of the mitotic chromosomes so
that attachment of one kinetochore to one centrosome results
in the reorientation of the chromosome such that the unat-
tached sister kinetochore faces away from the attached cen-
trosome (42). Thus, the chromosome itself prevents attach-
ment of the nonattached sister kinetochore to the same
centrosome and promotes attachment of the sister kinetochore
to the other centrosome. Sister kinetochores are observed on
opposing surfaces of the mitotic chromosomes in early pro-
phase prior to microtubule capture, indicating that this process
is intrinsic to the mitotic chromosome (3, 17, 22, 43). Sister
kinetochores are assembled at a chromosomal locus, the cen-
tromere. Centromeres do not display obvious sequence homol-
ogies between species; however, they are functionally similar
and contain many conserved proteins (30). One conserved cen-
tromere protein, CENP-A, is a histone H3 variant required for
recruiting kinetochore proteins (21, 35, 37). During G,/early
prophase, centromere-associated proteins, including CENP-A,
are observed to resolve into paired sister centromeres, suggest-
ing that centromere resolution is responsible for the position-
ing of sister kinetochores back-to-back (2, 16, 35).

A process similar to centromere resolution occurs during
prophase (52). This process, called sister chromatid resolution,
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involves functions important for regulating connections be-
tween sister chromatids as well as functions that individualize
the chromosomes during prophase. Two well-defined multi-
subunit complexes, the cohesin and the condensin complexes,
carry out these respective activities. A complex of four proteins
mediates cohesion between sister chromatids, and dissolution
of the connections mediated by this complex is necessary for
resolution (for a review, see reference 36). This cohesin com-
plex consists of two structural-maintenance-of-chromosome
(SMC) proteins, SMC1 and SMC3, with associated non-SMC
proteins SCC3 and SCC1/Mcd1/Rad21 (27, 56). Sister chro-
matid resolution also requires chromosome condensation,
which is mediated by the condensin complex (10, 47). The
condensin complex is also composed of two SMC proteins,
SMC2 and SMC4, along with associated non-SMC proteins,
CAP-D2, CAP-G, and CAP-H (18-20, 25, 48). More recently,
a second condensin complex, condensin II, which has different
non-SMC components and a distinct localization to mitotic
chromosomes, was identified (39, 61).

Although centromere resolution and sister chromatid reso-
lution resemble each other, little is known about the mecha-
nisms or proteins involved in centromere resolution. We used
the nematode Caenorhabditis elegans to investigate the role of
cohesin and condensin proteins in centromere resolution. C.
elegans chromosomes are holocentric and differ from mono-
centric chromosomes in that the kinetochore of holocentric
chromosomes is assembled along nearly the entire length of
each chromatid (4, 34). Many centromere and kinetochore
proteins in C. elegans function similarly to their mammalian
counterparts (7, 35, 37), underscoring the conserved natures of
the centromere and kinetochore. This makes C. elegans an
ideal system for studying aspects of centromere resolution.

Centromere resolution in C. elegans occurs early in the cell
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cycle when the centromeric histone H3 variant HCP-3 (CENP-
A), observed as a single “line” of HCP-3 staining, splits into
two lines of staining that are initially close together but that,
later in prophase, are further resolved until they are on oppos-
ing surfaces of the mitotic chromosome (35). This dynamic
rearrangement requires the centromere protein HCP-4 (CENP-
C), the C. elegans ortholog of the mammalian centromere
protein C (CENP-C). A mitotic cohesin complex composed of
homologs of SMC1, SMC3, SCC1, and SCC3 is present in
C. elegans and is required for chromatid cohesion in meiosis,
but its role in mitosis is less clear (5, 33, 40, 41). Likewise,
homologs of the SMC components of both condensin com-
plexes, SMC2 and SMCH4, as well as the non-SMC component
of condensin II, HCP-6, are required for mitotic chromosome
structure in C. elegans (15, 23, 46). Interestingly, these three
condensin proteins colocalize with the centromeric histone
HCP-3/CENP-A during mitosis, and HCP-6 requires HCP-3/
CENP-A for recruitment to the centromere. Here we show
that the loss of cohesins via mutation or RNA interference
(RNAI) bypasses the requirement for HCP-4/CENP-C in cen-
tromere resolution and in the recruitment of the condensin II
component HCP-6. We also show the HCP-6 is required for
prophase centromere resolution, suggesting that the role of
HCP-4/CENP-C in centromere resolution is to dissolve sister
centromere cohesion, facilitating the recruitment of HCP-6
during prophase.

MATERIALS AND METHODS

Strains. The N2 Bristol strain was used as the wild type; other strains used
were JM93, which contains an integrated array of the lactose operator sequence
LacO; CB879, which contains the him-1(e879) allele; AR1, which contains the
hep-6(mrl7) allele; and EU630, which contains the air-2(or207) allele.

RNA interference. RNAI via feeding was accomplished using strains obtained
from MRC Geneservice and performed according to published procedures (13).
Double-stranded RNA (dsRNA) for RNAi was produced as described previously
by using appropriate oligonucleotides with or without the T7 polymerase pro-
moter sequence 5'-TAATACGACTCACTATAGGG (34). Oligonucleotides
used were 5'-GAATTCCATCTCATGGAACTCATGG and 5'-GTCGACCAC
AGCCATCTTGTCCTGTGC (C. elegans SCC3 [CeSCC3]), 5'-CGCTGCGGT
TCATCAGGAGC and 5'-CAATTGCCTTGGCAGCAGTC (CeSMC1), 5'-GA
AGCCAGAAGATGCTCCA and CGTCGCCCACTTCTTGCATTCTG (HCP-
4/CeCENP-C), 5'-GCTAATGTGAGCCGTCGTG and 5'-CTCTCCAGCGAA
TCCACTCAGG (CeSCC1), 5'-GTGCTTCTGCCAACAAACGACC and 5'-C
GATAGACCAGCTCGTTGTTGGC (CeMCAK), 5'-GAAAGCGTTGTAAT
CTCGGG and 5'-TTCAACTCTCTTGCTTCGGG (HCP-6), 5'-AAATCAATT
CGACAGGGTGC and 5'-GAAAGATGAGCCGCTGAAAG (Mix-1), 5'-GTA
GACTCCCACGCACAAG and 5'-TCGTTTCCTAACCGCCACAC (CeSCC2/
Y43H11AL.3), and 5'-GTGGCTGAGTTGTTGTCGAA and 5'-TTTCGGAGC
GAGAAGACACT (CeTRF4/ZK858.1). RNAI was by soaking L4-stage worms
as previously described (35). RNAi with two different dSRNAs were performed
with 2.5 mg of each dsRNA per ml for a total dsSRNA concentration of 5 mg/ml.
Control RNAi experiments showed no phenotypic difference between 2.5 and
5 mg of total dSRNA per ml (data not shown).

Immunofluorescence and immunoblotting. An EcoRI/Sall DNA fragment was
generated via PCR from C. elegans genomic DNA using oligonucleotides 5'-tcc
2aattcGACATCATTTGTCGGATG-3' and 5'-tccgtcgacTTCTCCCATTGTCG
CCCA (lowercase indicates non-CeSCC3 DNA sequence used for cloning)
and cloned into the EcoRI/Sall-digested pET-28a expression vector to gene-
rate plasmid pET-28a::Exon3CeSCC3 by standard procedures. Plasmid
pET-28a::Exon3CeSCC3 encodes a six-His fusion protein of predicted amino
acids 170 to 521 of the open reading frame F18E2.3. The fusion protein was
purified by Ni-chelate chromatography (QIAGEN) and used to raise rabbit
antisera in New Zealand White rabbits by R&R Research and Development
(Stanwood, Wash.). Antibodies were affinity purified (46). The specific reactivity
of serum towards CeSCC3 protein was eliminated by preincubation of serum
with CeSCC3 protein and was absent in cescc3(RNAi) embryos (see Fig. S2 in the
supplemental material).
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For immunofluorescence, embryos from Bristol strain N2 or JM93 (14) were
prepared, fixed, and stained for immunofluorescence microscopy (34). Primary
antibodies were anti-CeSCC3 (this work), anti-HCP-4 (35), anti-HCP-3 (4),
anti-Lacl (Stratagene), anti-CeMCAK (37), anti-Mix-1 (a gift from R. Chan and
B. Meyer), anti-COH-2 (a gift from M. Jantsch and J. Loidl), and anti-HCP-6
(46). Cell cycle stage was determined using the monoclonal antibody (MAb) 414
(12), directed against nuclear pore proteins. For detection of LacO sequences in
strain JM93, fixed embryos were incubated for 30 min at room temperature with
purified Lacl repressor protein at 0.45 pg/ml in blocking solution and washed
three times with blocking solution prior to incubation with anti-Lacl antibody.
No signal was detected in wild-type controls or when Lacl protein was omitted,
indicating that the observed signals are specific to the integrated LacO array
(data not shown). Nocodazole treatment was as previously described (35). Em-
bryos were examined either by a Zeiss Axioscope microscope equipped with a
Sensys charge-coupled-device camera (Photometric) or by a Deltavision micro-
scope (Applied Precision). Three-dimensional imaging was accomplished using
Volocity (Improvision). Images were first analyzed in Photoshop (Adobe) and
then imported into Canvas (Deneba).

For immunoblotting, equal numbers of hermaphrodites were soaked in either
RNAI buffer (mock treated) or dsRNA for CeSCC3. After RNAI treatment,
worms were washed three times in M9 buffer and the pellet was resuspended EB
buffer (50 mM HEPES [7.5], 70 mM potassium acetate, 5 mM magnesium
acetate, 0.1% Triton X-100, 20 mM B-glycerol phosphate, 10% glycerol, 0.5 mM
dithiothreitol, and complete proteinase inhibitors [Sigma]) and sonicated. Quan-
titation of total proteins was by DC protein assay (Bio-Rad) and was followed by
the addition of 2X sodium dodecyl sulfate-polyacrylamide gel electrophoresis
loading buffer. Equal amounts of the total protein were used for Western blot-
ting and detected with an ECL colorimetric detection kit (Amersham). For
loading controls, proteins bound to the membrane were detected by using Pon-
ceau S (data not shown), and only blots with equal levels of loading were used for
Western blotting.

RESULTS

Suppressors of the HCP-4/CENP-C(RNAi) defect in centro-
mere resolution. Given the importance of cohesin proteins in
the cohesion between sister chromatids, we investigated wheth-
er the loss of cohesins and proteins likely required for cohesion
could suppress the defect in centromere resolution resulting
from the loss of HCP-4/CENP-C (35). Centromere resolution
was considered to have occurred if any portion of HCP-3/
CENP-A staining on the mitotic chromosome was resolved. In
wild-type and mock RNAi embryos, the presence of paired
lines of HCP-3/CENP-A staining flanking prophase chromo-
somes indicated that sister centromeres were resolved (Fig.
1A). RNA:I of a cohesin, CeSCC3, as expected, did not prevent
centromere resolution, as paired sister centromere staining
was observed in prophase (Fig. 1B). To test whether the loss of
cohesin proteins allowed centromere resolution when HCP-4/
CENP-C was absent, we removed both HCP-4/CENP-C and
CeSCC3 via RNAI. In cescc3(RNAi) hep-4/cenp-c(RNAi) em-
bryos, 80.3% (163 of 203) of prophase chromosomes had
paired sister centromeres compared to 2.9% (4 of 138) of
hcp-4/cenp-c(RNAi) embryos (Fig. 1D and Table 1). Removal
of other cohesin proteins, HIM-1/SMC1, or COH-2/SCCI via
RNAI and a genetic mutation of the CeSMCI1 gene him-1
(e879) (5) also suppressed the need for HCP-4/CENP-C in
centromere resolution (Table 1). This suppression appeared
specific to the cohesin proteins, as co-RNAi of HCP-4/CENP-
C with a kinetochore protein, CeMCAK, or with a condensin
II protein, MIX-1/SMC2, did not reinstate centromere resolu-
tion (Table 1). We also examined whether the loss of proteins
likely to be required for cohesion establishment could also
bypass the block in centromere resolution resulting from the
loss of HCP-4/CENP-C. Two proteins necessary for cohesion
establishment in Saccharomyces cerevisiae are SCC3 and TRF4
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FIG. 1. Reduced expression of CeSCC3 suppressed the defect in centromere resolution in /cp-4/cenp-c(RNAi) one-cell embryos. Prophase
nuclei from wild-type (A), cescc3(RNAi) (B), hep-4/cenp-c(RNAQ) (C), and hep-4/cenp-c(RNAi) cescc3(RNAiQ) (D) embryos are shown. hcp-4/cenp-c
(RNAi) cescc2(RNAi) (E), air-2(or207ts) (F), and air-2(or207ts) him-1/smcl(RNAi) (G) hermaphrodites were stained for DNA (blue) and for
centromeres (red and apostrophe panels) using an antibody against the centromere-specific histone HCP-3/CENP-A. (H) Embryos from JM93,
which contains an integrated array of the lactose operator sequence (LacO), were stained for DNA and the integrated LacO array after CeSCC3

RNA.. Bars, 5 pm.

(9, 58). We identified C. elegans candidate homologs of these
cohesion establishment proteins, CeSCC2 and CeTRF4, based
on sequence similarities. The loss of CeSCC2 (Fig. 1E) or
CeTRF4 suppressed the failure to resolve sister centromeres in
the absence of HCP-4/CENP-C (Table 1). Taken together,
these results indicate that the loss of cohesins, and presumably
cohesion, suppressed the requirement for HCP-4/CENP-C in
centromere resolution.

Because AIR-2 is necessary for the prophase timing of cen-
tromere resolution, we examined whether the loss of cohesins
could remove the need for AIR-2 in prophase centromere res-

olution (23). In air-2(or207ts) embryos, 7.9% (17 of 216) of pro-
phase chromosomes had resolved sister centromeres prior to
nuclear envelope breakdown (NEBD) (Fig. 1F). We removed
the cohesin Him-1/SMCI1 by feeding RNAI in the Air-2(or207)
mutant strain. The efficacy of RNAi was monitored at the per-
missive temperature by determining embryonic lethality (data
not shown). Following a shift to the nonpermissive tempera-
ture, we examined prophase nuclei in the air-2(or207) him-1/
smcl(RNAi) embryos and found that only 2.8% (6 of 216) of
prophase chromosomes were resolved (Fig. 1G), indicating
that, unlike for HCP-4/CENP-C, the loss of cohesin Him-1/
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TABLE 1. Resolution of sister centromeres”®

% of centromeres

Background resolved (1)
WILA-LYPE ettt 91.4 (210)
hep-4/cenp-c(RNAI) ... 2.9 (138)
hep-4/cenp-c(RNAi) CeScc3(RNAL ......oouvecvvinceiiiciians 80.3 (203)
hep-4/cenp-c(RNAi) coh-2/sccl(RNAI) ...
hep-4/cenp-c(RNAi) him-1/smcl(RNAi) . -
hep-4/cenp-c(RNAi) him-1/smcl(€879) ...c.cvveeeveeveucnnane 63.6 (154)
hep-4/cenp-c(RNAi) Cemcak(RNAL .........covvvveviccncncenes 6.4 (202)

hep-4/cenp-c(RNAi) mix-1/smc2(RNA) . .. 0.6(178)
hep-4/cenp-c(RNAi) Cescc2(RNA) ......... ... 75.6 (82)
hep-4/cenp-¢(RNAi) CeTRF4(RNAI) c..ooveveveeeerereeerrenene 82.6 (207)

“ Embryos of the indicated backgrounds were stained for centromeres using an
anti-HCP-3 antibody and for nuclei using MAb 414. Prophase nuclei in early
embryos were scored for the presence of resolved sister centromeres. Centro-
mere resolution was considered to have occurred if any portion of HCP-3 stain-
ing was resolved. All dsSRNAs were at a concentration of 2.5 mg/ml in RNAi
experiments. 7, total number of chromosomes scored.

SMCI did not suppress the effect of AIR-2 loss on centromere
resolution. This result indicates that the loss of cohesin sup-
pression is specific to HCP-4/CENP-C involvement in centro-
mere resolution.

Sister chromatids remain linked in cohesin RNAi embryos.
Although the distances separating sister centromeres varied
along the chromosome in cohesin RNAi embryos, sister cen-
tromeres remained paired and the maximum distance separat-
ing sister centromeres was not significantly different from that
in the wild type (0.6 = 0.12 versus 0.58 = 0.10 wm, respec-
tively). This finding suggested that sister chromatids remained
linked. To test whether sister chromatids remained linked in
cohesin RNAi embryos, we removed CeSCC3 protein via
RNAI and observed lacO arrays in strain JM93, which contains
an integrated array of the lactose operator sequence, LacO
(14). Using Lacl binding and indirect immunofluorescence to
detect the arrays, we observed in wild-type nuclei two distinct
aggregates corresponding to homologous chromosomes during
prophase and four aggregates corresponding to the four spa-
tially separated chromatids at anaphase (see Fig. S1 in the
supplemental material). To control for the effectiveness of
RNAI and to minimize mis-segregation artifacts, we stained
embryos with an antibody specific to CeSCC3 (see below) and
scored only one-cell and two-cell embryos that had no detect-
able CeSCC3 staining. Examination of cescc3(RNAi) embryos
showed two aggregates of Lacl staining in 51 of 52 prophase
nuclei examined (Fig. 1H). These results are consistent with
prior observations (5) and indicated that sister chromatids
remain linked in cescc3(RNAi) nuclei.

The loss of HCP-4/CENP-C or AIR-2 does not retain co-
hesins on mitotic chromosomes. The previous results were
confusing in that the loss of cohesins bypassed the need for
HCP-4/CENP-C but not AIR-2 in centromere resolution. This
result may be explained by a direct involvement of cohesin in
inhibiting centromere resolution and may indicate that HCP-4/
CENP-C is necessary to remove cohesins from centromeres.
To test this idea, we first generated antibodies against CeSCC3
protein that on a Western blot identified a 122-kDa band, close
to the predicted size for CeSCC3 protein, and whose intensity
was reduced in cescc3(RNAi) extracts (see Fig. S2A in the
supplemental material; also data not shown). The CeSCC3
antibody stained nuclei in wild-type embryos, but in cescc3
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(RNAi) embryos nuclear staining was absent (see Fig. S2B in
the supplemental material). This staining pattern is similar to
the localization of the cohesin COH-2/SCC1 in C. elegans em-
bryos (33, 41). In vertebrates, cohesin proteins are associated
with chromosomes beginning in S phase but are mostly absent
by metaphase (28, 50, 57). To determine if C. elegans cohesins
are similarly localized, we examined CeSCC3 nuclear staining
in individual optical sections by using multiwave capture mi-
croscopy at different stages of the cell cycle and observed the
overlap between DNA staining and CeSCC3 staining. In inter-
phase and early prophase, nuclear CeSCC3 staining was abun-
dantly detected (Fig. 2A and B). The CeSCC3 staining over-
lapped with the DNA staining, suggesting that DNA does not
exclude the CeSCC3 protein. Following NEBD, CeSCC3 stain-
ing was reduced and was not detectably associated with DNA
at metaphase (Fig. 2C). Similar results were observed with

CeSCC3 DNA

Merged

Prophase Interphase

Early

Metaphase

FIG. 2. CeSCC3 is dynamically excluded from mitotic chromo-
somes. Images of single optical sections (0.5 pm thick) obtained using
multiwave capture from nuclei in wild-type N2 embryos stained for
CeSCC3 (green in merged panels) and DNA (red in merged panels)
are shown separately and merged. Nuclei were in interphase (A), early
prophase (B), or metaphase (C). Post-NEBD nuclei from hcp-4/cenp-c
(RNAi) (D) or air-2(or207) (E) embryos were stained as described
above. Bars, 5 pm.
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antibodies against COH-2/SCCI1 protein and by different fixa-
tion methods (data not shown). These results indicate that
cohesins are largely absent from postprophase chromosomes
in C. elegans embryos.

Having observed that cohesins are not detectably present on
postprophase chromosomes, we tested whether the block in
centromere resolution correlated with the retention of co-
hesins on mitotic chromosomes. We examined mitotic chro-
mosomes from hcp-4/cenp-c(RNAi) embryos stained with
CeSCC3 and COH-2/SCC1 antibodies. CeSCC3 and COH-2/
SCC1 staining was not observed on postprophase chromo-
somes in hcp-4/cenp-c(RNAi) embryos (Fig. 2D and data not
shown). In metazoans, cohesins are retained on mitotic chro-
mosomes when either Polo kinase or Aurora kinase B is absent
(26, 51). In C. elegans, the absence of Air-2 protein did not
observably retain cohesins on mitotic chromosomes (Fig. 2E),
suggesting that C. elegans chromosomes differ from metazoan
chromosomes in cohesin removal during prophase. These re-
sults suggest that the blocked or delayed centromere resolution
is not caused by the retention of cohesins at the sister centro-
meres.

Condensin II proteins, HCP-6 and MIX-1/SMC2, are re-
quired for centromere resolution. Because condensin proteins
are required for the resolution of sister chromatids, we con-
sidered whether condensin proteins were also required for
centromere resolution (10, 47). Previously, it was observed that
hep-6(mrl7ts) mitotic chromosomes were twisted and con-
tained regions of unresolved sister centromeres (46). One ex-
planation for the poor but observable centromere resolution is
that spindle microtubules interacting with the sister kineto-
chores partially rescue blocked centromere resolution. To test
this idea, we inhibited spindle microtubules with nocodazole in
wild-type and hcp-6(mrl7ts) embryos. Wild-type mitotic chro-
mosomes resolved sister centromeres after treatment with no-
codazole, consistent with normal prophase centromere resolu-
tion being independent of spindle microtubules (Fig. 3A and
reference 35). In hcp-6(mrl7ts) embryos, most (83 of 96) mi-
totic chromosomes had some portion of each sister centromere
resolved; however, some regions of the mitotic chromosomes
appeared not to have resolved sister centromeres, suggesting
that the resolution process was incomplete (Fig. 3B). However,
in nocodazole-treated hcp-6(mrl7ts) embryos, nearly all (125
of 132) of the mitotic chromosomes had only a single line of
centromere staining, characteristic of blocked centromere res-
olution (Fig. 3C). Similar results were observed when MIX-1/
SMC2 was removed or when kinetochore function was com-
promised via RNAIi of the kinetochore protein KNL-1 (Fig.
3D). These results indicated that in the absence of spindle
microtubules, centromere resolution required the condensin II
proteins HCP-6 and MIX-1/SMC2.

HCP-6 and MIX-1/SMC2 are necessary for cohesin loss to
suppress the requirement for HCP-4/CENP-C in centromere
resolution. A requirement for condensin II proteins in pro-
phase centromere resolution may explain the need for AIR-2,
which recruits condensin proteins to the centromere (23). To
determine whether HCP-4/CENP-C might act upstream of
condensins in centromere resolution, we examined whether
the loss of cohesins could still bypass the HCP-4/CENP-C
requirement in centromere resolution when condensin II pro-
teins are absent. We used RNAIi to remove gene function in
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Frequency of Resolved
Sister Centromeres

HCP-6(mr17) 86.5% (96)
HCP-6(mri17)Nocodazole 5.3% (132)
HCP-6(mr17)KNL-1(RNAi)  6.8% (190)
MiX-1(RNAi)Nocodazole 3.6% (84)

FIG. 3. HCP-6 and MIX-1/SMC?2 are required for centromere res-
olution. One-cell embryos were stained for DNA (blue) and the cen-
tromeric histone HCP-3/CENP-A (red and apostrophe panels). Im-
ages are of single post-NEBD nuclei from wild-type embryos treated
with nocodazole (A), hep-6(mrl7ts) embryos (B), and hcp-6(mrl7ts)
embryos treated with nocodazole (C). (D) Quantitative analysis of the
incidence of centromere resolution. The numbers of chromosomes
examined are in parentheses. Arrows illustrate examples of chromo-
somes with partial centromere resolution. Bar, 5 pm.

different genetic backgrounds and quantified the results in
Table 2. In a wild-type background, the loss of CeSCC3 by-
passes the requirement for HCP-4/CENP-C in centromere res-
olution in that sister centromeres resolved as in the mock
RNAI control (compare Fig. 4A and B). When the same RNAi
experiment was performed on hcp-6(mrl7ts) embryos, only
single linear arrays of centromeric staining were observed on
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TABLE 2. Condensin II epistasis

% of centromeres resolved
(no. of chromosomes scored):

Background
In prophase Post-NEBD
Cescc3(RNAi) hep-4/cenp-c(RNAI) 62.3 (138) 82 (144)
hep-6(mr17) Cescc3(RNAi) 2.7 (270) 10.5 (84)
hep-4/cenp-c(RNAQ)
hep-6(RNAi) hep-4/cenp-c(RNAI) 2.7 (258) 11.5 (96)
him-1/smc1(e879) hcp-6(RNAi) 5.0 (240) 8.3 (132)
hep-4/cenp-c(RNAI)
mix-1/smc2(RNAi) hep-4/cenp-c 2.1(192) 5(120)
(RNAi)
him-1/smc1(e879) mix-1/smc2(RNAi) 1.7 (180) 6.7 (120)

hep-4/cenp-c(RNAI)

“ Embryos were fixed and stained with anti-HCP-3/CENP-A antibody and
MADb 414 as described in Materials and Methods. Staining embryos with anti-
bodies against HCP-6, Mix-1/SMC2, HCP-4/CENP-C, and CeSCC3 in parallel
monitored RNAI efficiency. Nuclei from one-cell embryos with visibly condensed
chromosomes were scored for resolved sister centromeres. Centromere resolu-
tion occurred if any portion of HCP-3/CENP-A staining was resolved.

condensed chromosomes (Fig. 4C), indicating a failure to re-
solve sister centromeres. Furthermore, the HIM-1/SMC1 mu-
tation (e879) bypassed the requirement for HCP-4/CENP-C
in centromere resolution, but when HCP-4/CENP-C was re-
moved along with HCP-6 via RNAI in the him-1(e879) mutant,
sister centromeres failed to resolve (Fig. 4D and E). These two
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results indicate the importance of HCP-6 for cohesin loss to
suppress the loss of HCP-4/CENP-C in centromere resolution.
To test other condensin II proteins, we removed MIX-1/SMC2
along with HCP-4/CENP-C via RNAI, again using the him-1
(e879) strain. Similar to the loss of HCP-6, removing HCP-4/
CENP-C and MIX-1/SMC2 gene function in the him-1/smcl
(e879) strain failed to restore centromere resolution (Fig. 4F).
These results indicate that both HCP-6 and MIX-1/SMC2 are
required for the loss of cohesin to restore centromere resolu-
tion in hcp-4/cenp-c(RNAi) embryos.

The loss of cohesins restores HCP-6 localization. The pre-
vious result supports a role for HCP-4/CENP-C acting up-
stream of condensins to promote centromere resolution. In
addition to its role in centromere resolution, HCP-4/CENP-C
is also necessary for the recruitment of different proteins to the
centromere or kinetochore (35, 37). To determine if the re-
cruitment of these proteins was also suppressed by the loss of
cohesins, we stained cescc3(RNAi), hcp-4/cenp-c(RNAi), and
cescc3(RNAi) hep-4/cenp-c(RNAi) embryos with antibodies
against known kinetochore components, CeMCAK, HCP-1/
CENP-F, and CeBUBI. Localization of CeMCAK to centro-
somes and kinetochores was not affected by the loss of
CeSCC3 (Fig. 5A), but CeMCAK kinetochore localization was
affected by the loss of HCP-4/CENP-C (Fig. 5B) as previously
observed (37). When we removed both HCP-4/CENP-C and

FIG. 4. Condensin II components required for centromere resolution. Mitotic nuclei from mock RNAi embryos (A), icp-4/cenp-c(RNAi) cescc3
(RNAi) in wild-type embryos (B), and hcp-4/cenp-c(RNAi) cescc3(RNAi) in hep-6(mrl7ts) embryos (C) after the adult hermaphrodites had been
shifted to the nonpermissive temperature for 2 h were stained for centromeric histone, HCP-3/CENP-A (red), MAb 414 (not shown), and DNA
(blue). HIM-1/SMC1(e879) post-NEBD nuclei from hcp-4/cenp-c(RNAi) (D), hep4/cenp-c(RNAi) hep-6(RNAi) (E), and hep-4/cenp-c(RNAQ) mix-1/
smc2(RNAi) (F) embryos was stained as described above. Insets show a closer view of marked (arrow) chromosomes along with centromere

staining. Bar, 5 pm.
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FIG. 5. HCP-6 localization to the centromere is restored along with
centromere resolution. Nuclei from cescc3(RNAi) (A) or hep-4/cenp-c
(RNAi) (B) and cescc3(RNAi) hep-4/cenp-c(RNAi) (C) embryos were
stained for DNA (blue) and CeMCAK (red). (A) Four-cell embryo; (B
and C) two-cell embryos. Centrosomes are indicated by asterisks. The
intensity of CeMCAK centrosome staining was used for normalization.
The second centrosome in panel B was not completely imaged, so only
the fully imaged centrosome was used for normalization, Bar, 5 pm.
Nuclei from the wild-type (D to F), cescc3(RNAi) (G to 1), hep-4/
cenp-c(RNAi) (J to L), or hcp-4/cenp-c(RNAi) cescc3(RNAi) (M to O)
embryos were stained for DNA (blue), centromeric histone, HCP-3/
CENP-A (green), and HCP-6 (red). (F, I, L, O) Merged HCP-3/
CENP-A and HCP-6 staining in yellow. Bar, 2 pm.

CeSCC3 via RNAI, CeMCAK kinetochore localization was not
restored, although its centrosome localization was unaffected
(Fig. 5C). Likewise the kinetochore localization of HCP-1/
CENP-F or CeBUBI was not restored (data not shown). These
results indicate that centromere resolution is not sufficient to
enable the assembly of all kinetochore components.

Another protein that requires HCP-4/CENP-C for its re-
cruitment to the centromere or kinetochore is HCP-6 (46). In
wild-type embryos, HCP-6 was faintly present at the centro-
mere or kinetochore prior to centromere resolution but be-
came abundantly present after sister centromeres were re-
solved (Fig. 5D to F). This localization of HCP-6 was not
dependent on cohesin since RNAi of CeSCC3 or CeSMCT still
showed colocalization between HCP-6 and the centromeric
histone HCP-3/CENP-A in 42 of 45 embryos examined (Fig.
5G to I and data not shown). HCP-6 centromere localization,
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however, was dependent on HCP-4/CENP-C (Fig. 5J to L)
(46). In contrast to the kinetochore protein results, we found
that in CeSCC3 HCP-4/CENP-C RNAi embryos, HCP-6 co-
localization with HCP-3/CENP-A was restored along with cen-
tromere resolution in 80% (24 of 30) of the embryos (Fig. SM
to O). The restored localization of HCP-6 was also observed
when CeSMCI1 was removed via RNAI or by using the genetic
him-1(e879) mutant (data not shown), indicating that the loss
of cohesins suppresses the requirement for HCP-4/CENP-C in
both HCP-6 localization and centromere resolution.

HCP-4/CENP-C is not required for MIX-1/SMC2 recruit-
ment. The requirement for MIX-1/SMC1 in centromere res-
olution raised the question of whether HCP-4/CENP-C was
responsible for MIX-1/SMC2 recruitment. MIX-1/SMC2 is
centromere localized on mitotic chromosomes independently
of HCP-3/CENP-A (15). Consistent with centromere localiza-
tion, we observed MIX-1/SMC2 localization on mitotic chro-
mosomes (Fig. 6A). In hcp-4/cenp-c(RNAi) embryos, MIX-1/
SMC2 localized to mitotic chromosomes as a single linear
array that resembled the single linear aggregate observed with
HCP-3/CENP-A staining (Fig. 6B). This result indicates that
unlike HCP-6, MIX-1/SMC2 recruitment to mitotic chromo-
somes does not depend on HCP-4/CENP-C.

DISCUSSION

HCP-4/CENP-C removes cohesion from sister centromeres.
One of the aims of this study was to investigate whether co-
hesins and condensins, proteins involved in sister chromatid
resolution, affected centromere resolution. It was previously
shown that sister centromeres are resolved from one another
to opposite surfaces of the chromosome prior to microtubule
capture and that RNAIi of the centromere protein HCP-4/
CENP-C results in a failure of sister centromeres to resolve
(35). We used this observation to look for genetic interactions
between HCP-4/CENP-C and cohesin proteins. RNAIi of co-
hesins COH-2/SCC1, CeSCC3, and HIM-1/SMC1 or a viable
loss-of-function mutation, him-1(e879), enabled sister centro-
meres to resolve in the absence of HCP-4/CENP-C. The pres-
ence of two resolved sister centromeres in these suppression
experiments supports the previous conclusion that two fully
duplicated but unresolved sister centromeres are present on
mitotic chromosomes in hcp-4/cenp-c(RNAi) embryos.

The suppression of the requirement for HCP-4/CENP-C in

FIG. 6. MIX-1 recruitment is independent of HCP-4/CENP-C. Mi-
totic nuclei from mock RNAi (A) or hcp-4/cenp-c(RNAi) (B) embryos
stained for MIX-1/SMC2 (red) and DNA (blue) are shown.
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FIG. 7. Diagram of centromere resolution and kinetochore assem-
bly pathways. See the text for details. The resolution of the centro-
meres of a mitotic chromosome is depicted. Initially sister centromeres
are close. Following the recruitment of condensin II via both the
AIR-2 and HCP-4/CENP-C pathways, sister centromeres resolve from
one another and assemble sister kinetochores on opposing surfaces of
the mitotic chromosome. In the absence of condensin II proteins, such
as HCP-6, centromere resolution fails, but kinetochore assembly al-
lows functional kinetochores to assemble. However, inappropriate
merotelic attachments (46) result in a “twisting” of the mitotic chro-
mosomes and chromosome mis-segregation.

centromere resolution by the loss of cohesins or candidate
cohesion establishment genes suggests that the role of HCP-4/
CENP-C is to remove cohesion. There are two possible loca-
tions for this cohesion: one is the cohesion between sister
chromatids, and the other is the cohesion between sister cen-
tromeres. We observed that when cohesins were reduced via
RNAI or mutation, sister chromatids remain close, suggesting
that sister chromatid cohesion was maintained. However, cen-
tromere resolution was restored by the loss of cohesins when
HCP-4/CENP-C was also absent, further suggesting that it is
cohesion between sister centromeres that is affected by HCP-4/
CENP-C. This suggestion is consistent with HCP-4/CENP-C
localization to sister centromeres. Although the suppression
results support a role for cohesins in inhibiting centromere
resolution, we did not observe cohesins on hcp-4/cenp-c(RNAI)
mitotic chromosomes. This failure to observe the retention of
cohesins at the centromere in hcp-4/cenp-c(RNAi) embryos
may result from only very low levels of cohesin being necessary
for cohesion. In Schizosaccharomyces pombe, low levels of the
cohesin protein SCC1/RAD21 are viable and therefore suffi-
cient to maintain cohesion until anaphase (55). However, our
experiments showing that the condensin II proteins HCP-6 and
MIX-1/SMC2 are necessary for cohesin loss to bypass the
requirement for HCP-4/CENP-C suggests that it is not the
simple retention of cohesins at sister centromeres that holds
sister centromeres together. Given these results, we favor the
idea that the function of HCP-4/CENP-C in centromere reso-
lution is to remove residual cohesion present at sister centro-
meres (Fig. 7).

Cohesin dynamics of holocentric chromosomes. The obser-
vation that cohesins are not retained on mitotic chromosomes
suggests that holocentric chromosomes differ from monocen-
tric chromosomes in their cohesin dynamics. We observed that
cohesin staining overlapped with DNA staining, suggesting
that cohesins are associated with DNA in interphase and early
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prophase. Furthermore, the loss of cohesins affects meiotic
chromosome cohesion and mitotic chromosome segregation,
suggesting that cohesins function in C. elegans similarly to the
way they function in other organisms (40, 41). However, cohe-
sin proteins are largely absent from mitotic holocentric chro-
mosomes. This observation argues that for holocentric chro-
mosomes, the accumulation of cohesins near centromeres
is not necessary to establish or maintain sister kinetochore
bi-orientation. A possible reason for the difference in cohesin
retention on mitotic chromosomes is the difference in spindle
microtubule dynamics. Poleward flux of spindle microtubules is
thought to generate tension at sister kinetochores (29, 32, 60).
Centromeric heterochromatin and even the areas surrounding
yeast centromeres are enriched in cohesin, suggesting that co-
hesin may be required to oppose tension generated at sister
kinetochores (1, 31, 53-55, 59). In C. elegans embryos, spindle
microtubules do not undergo significant poleward flux, and
consequently little tension is present between sister kineto-
chores (24). With little tension generated by sister kineto-
chores, there would be less of a need for cohesin to be retained
on C. elegans chromosomes. Despite this reduced need for
cohesin, some small amount of cohesin may still be required
for mitotic chromosome segregation, as the C. elegans separase
gene (Sep-1) is still necessary for the separation of sister chro-
matids during mitosis (44).

Chan et al. (5) observed that sister chromatids in cohesin
RNAi embryos remained closely juxtaposed even after the
more stringent denaturation steps necessary for in situ hybrid-
ization. We also found that the loss of cohesin proteins in
C. elegans did not result in a precocious dissociation of sister
chromatids during mitosis. In vertebrates, sister chromatids
often remain in close proximity in the absence of cohesins,
suggesting that a second form of cohesion may also be present
(45). Topological links between sister DNA strands may pro-
vide another form of cohesion, and the idea that the dissolu-
tion of these DNA-mediated linkages is one requirement for
sister chromatid resolution has been proposed (26). The per-
sistence of such linkages may explain our and other’s findings
that the loss of cohesins does not cause precocious dissociation
of sister chromatids during mitosis in the C. elegans embryo.

Condensin II is required for centromere resolution. We
showed that in the absence of spindle-kinetochore forces, the
loss of HCP-6 or MIX-1/SMC?2 led to a failure to resolve sister
centromeres, suggesting that it is the condensin II complex that
is required for centromere resolution. Previous results suggest-
ed that the loss of HCP-6 did not prevent centromere resolu-
tion; instead, mitotic chromosomes were twisted (46). We ex-
tended these results by observing that often only portions of
mitotic chromosomes actually resolved sister centromeres; fur-
thermore, the presence of twisting may result from unresolved
topological linkages between sister centromeres. This possibil-
ity is further supported by the observation that spindle-kine-
tochore forces, which favor the removal of topological linkages
between DNA strands, are sufficient to partially drive the res-
olution of some portions of sister centromeres. In yeast, con-
densin is thought to resolve cohesin-independent linkages
either directly or by recruiting topoisomerase II (11, 49). Fur-
thermore, condensin II helps to resolve cohesin-independent
linkages during meiosis in C. elegans (6). These results suggest
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that the condensin II complex drives prophase centromere
resolution by the resolution of DNA linkages.

Our work on holocentric chromosomes in C. elegans suggests
that the condensin II complex plays a unique role in organizing
the centromere. Recently, it was shown that condensin II co-
localized with the inner kinetochore plate and that the deletion
of condensins affected the back-to-back geometry of sister ki-
netochores in vertebrate chromosomes (38). The similar local-
izations and the requirement for condensin II in monocentric
and holocentric chromosomes’ kinetochore geometric organi-
zation further indicates that the centromere structure is highly
conserved across phylogenies. This conservation of centro-
mere biology supports the idea that the main difference be-
tween holocentric and monocentric chromosomes is the per-
centage of the mitotic chromosomes encompassed by the
centromere.

Condensin II recruitment pathways. An interesting result of
this study was the observation that the localization of HCP-6,
a condensin II component, was restored along with centromere
resolution. Stear and Roth (46) showed that HCP-6 required
HCP-3/CENP-A and HCP-4/CENP-C for localization. The
restoration of HCP-6 localization when HCP-4/CENP-C was
absent via cohesin RNAI suggests that HCP-6 recruitment is
inhibited by cohesin and cohesion. We were unable to detect
any interactions between HCP-4/CENP-C and cohesins, sug-
gesting that the requirement for HCP-4/CENP-C in HCP-6
recruitment is to remove cohesion (Fig. 7). HCP-4/CENP-C is
required for both centromere resolution and kinetochore as-
sembly (35, 37). Yet only centromere resolution is restored in
the absence of HCP-4/CENP-C by the loss of cohesion, sug-
gesting that the loss of cohesion is not a prerequisite for re-
cruiting kinetochore proteins.

Condensin II components MIX-1/SMC2 and HCP-6 differ in
their levels of dependence on HCP-4/CENP-C for localization
to mitotic chromosomes. Recently, Chan et al. (6) showed that
HCP-6 and MIX-1/SMC2 were not interdependent for their
recruitment during mitosis but were codependent during mei-
osis, suggesting that the holocomplex is not the target for
recruitment during mitosis. Because both HCP-6 and MIX-1/
SMC2 are required for centromere resolution, it is likely that
an active holocomplex is sequentially assembled at the centro-
mere. One pathway depends on HCP-4/CENP-C to remove
cohesion and enable the recruitment of HCP-6. It will be
interesting to determine if other non-SMC components of con-
densin II are likewise dependent on HCP-4/CENP-C for re-
cruitment. A second pathway may require the AIR-2 kinase,
which is required for the localization of condensin II proteins
to the centromere in C. elegans and vertebrates (23, 38). AIR-2
and condensins act separately during prophase with respect to
chromosome condensation (23). However, AIR-2 is required
for centromere resolution during prophase, as is condensin
MIX-1/SMC2, supporting the idea that AIR-2 involvement in
centromere resolution is through the recruitment of MIX-1/
SMC2 and CeSMC4 to the centromere. Neither HCP-4/
CENP-C nor AIR-2 affects the others’ localization, supporting
the idea that there are at least two distinct pathways for
recruiting condensin proteins to the centromere (37). Fu-
ture work is needed on the mechanism of condensin II
protein recruitment to centromeres to better understand the
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significance of this novel process of condensin complex as-
sembly.
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