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Transcription of the centromeric regions has been reported to occur
in G1 and S phase in different species. Here, we investigate whether
transcription also occurs and plays a functional role at the mamma-
lian centromere during mitosis. We show the presence of actively
transcribing RNA polymerase II (RNAPII) and its associated transcrip-
tion factors, coupled with the production of centromere satellite
transcripts at the mitotic kinetochore. Specific inhibition of RNAPII
activity during mitosis leads to a decrease in centromeric α-satellite
transcription and a concomitant increase in anaphase-lagging cells,
with the lagging chromosomes showing reduced centromere pro-
tein C binding. These findings demonstrate an essential role of RNA-
PII in the transcription of α-satellite DNA, binding of centromere
protein C, and the proper functioning of the mitotic kinetochore.
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The centromere is an essential chromosomal structure that
mediates microtubule attachment during cell division to ensure

correct chromosome segregation. Although centromere function is
highly conserved, centromere DNA sequences show no evolution-
ary conservation. Instead, centromeric chromatin typically is filled
with species-specific satellite DNA sequences that lack transcribed
genes. The presence of functional ectopic centromeres (neo-
centromeres) at genomic regions devoid of classical satellite DNA
repeats confirmed the epigenetic nature of centromere function (1).
The centromere is organized into two broad domains charac-

terized by distinct sets of epigenetic determinants. The centromere
core domain comprises the centromere-specific histone H3 variant
centromere protein A (CENP-A) that is essential for kinetochore
formation, whereas the pericentric heterochromatin is vital for
sister chromatid cohesion (for review, see ref. 2). In yeast, peri-
centric outermost DNA repeats are transcribed and processed by
RNAi machinery into siRNAs, which direct the deposition of het-
erochromatic markers such as H3K9me3 and HP1 at the peri-
centric heterochromatin (3). The RNAi pathway also has been
shown to be vital for the establishment of pericentric heterochro-
matin in plant and animal cells (4, 5). However, although the de-
pletion of Dicer in human-chicken hybrid cells causes defective
pericentric heterochromatin, it does not affect the binding of
CENP-A and centromere protein C (CENP-C) at the centromere
core domain (6), suggesting that the RNAi pathway is not required
for core centromere function. Our previous studies showed that
transcription is permissible within the kinetochore domain of a
human neocentromere (7, 8), but others have reported the pres-
ence of active genes within the rice kinetochore domain (9). Con-
sistent with these reports, the CENP-A domain in Drosophila
and human cells is enriched with the euchromatin-like marker
H3K4me2 (10). Such studies suggest that transcription of cen-
tromeric chromatin is permissible and compatible with centro-
mere function. Furthermore, we and others have demonstrated the
presence of RNA at the mitotic kinetochore (11, 12). These RNA
transcripts were essential for the localization of mitotic centromere
proteins including CENP-C, but it was unclear if the transcripts
were produced during mitosis. Here we demonstrate that RNA
polymerase II (RNAPII) and some of its associated transcription
factors localize to the mammalian kinetochore during mitosis. We
provide evidence of RNAPII-mediated transcriptional activity at
the mitotic kinetochore and evidence that inhibition of RNAPII

activity during mitosis leads to an increase in lagging chromosomes
with reduced CENP-C levels.

Results
RNAPII Localizes to the Mitotic Kinetochore and Is Associated with
Kinetochore Activity. Immunofluorescence analysis of interphase
cells showed no significant enrichment of RNAPII at the inter-
phase centromeres (Fig. S1 A–D). To investigate the localization
pattern of RNAPII during mitosis, we performed immunofluo-
rescence analysis using an antibody that recognized all forms of
RNAPII. Cytospun metaphase HeLa cells showed clear colocali-
zation of RNAPII and the centromeremarker Calcinosis, Raynaud
phenomenon, Esophageal dysmotility, Sclerodactyly, and Telan-
giectasia (CREST) antisera signals, indicating the presence of
RNAPII at the kinetochores of metaphase HeLa cells (Fig. 1A).
Further analysis of other submitotic phases showed no specific en-
richment for RNAPII at the kinetochores in prophase cells; how-
ever, a small subset of kinetochores in prometaphase cells showed
RNAPII localization (Fig. S1E and F), whereas RNAPII was found
at most kinetochores of metaphase and anaphase cells (Fig. 1A and
Fig. S1 G–H). Collectively our data suggest that RNAPII is re-
cruited to mitotic kinetochores as early as prometaphase.
To characterize further the transcriptional status of the kineto-

chore-bound RNAPII, we used phosphospecific RNAPII anti-
bodies in our immunofluorescence analysis (Table S1), because the
transcriptional activity of RNAPII is correlated strongly with its
differential phosphorylation state (for review, see ref. 13). The
results revealed that the kinetochore-bound RNAPII is phos-
phorylated at serine 2 but not at serine 5 (Fig. 1 B–D). The serine 5
phosphorylation mark is associated with promoter-bound tran-
scriptional complexes, whereas the serine 2 phosphorylation state
(RNAPII-ser2) is an indicator of active transcription (14), sug-
gesting that the RNAPII is transcriptionally active at the mitotic
kinetochore. This pattern of RNAPII-ser2 localization at the ki-
netochore was consistent: 98% (average of n= 19 mitotic spreads)
of chromosomes were positive for RNAPII staining. Similar results
were obtained using other human andmouse cell lines (Fig. S2 and
also Fig. 1E; see below), indicating that the localization ofRNAPII-
ser2 to the mitotic kinetochore is conserved in mammalian cells.
To establish whether RNAPII is associated with kinetochore

function, we assayed for the presence of RNAPII-ser2 at the
neocentromeres of two marker chromosomes: the human chro-
mosome 10-derived mardel (10) marker chromosome containing
a 10q25 neocentromere (15), and the pseudodicentric-neocentric
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chromosome 4 (PD-NC4), which contains an inactivated native
α-satellite centromere and a functional neocentromere at 4q21
(16). We observed enrichment of RNAPII-ser2 at the active mi-
totic neocentromeres of both the mardel (10) and the PD-NC4
chromosomes (Fig. 1 E and F) but not at the inactive alphoid
centromere [marked by a faint CREST signal because of residual
centromere protein B (CENP-B)] of PD-NC4 (16). These results
suggest that RNAPII is localized to active kinetochores rather than
satellite repeats and demonstrate an association between RNAPII
localization at the kinetochore and centromere activity.

RNAPII-Specific Transcription Factors Carboxy-Terminal Domain, RNA
Polymerase II, Polypeptide A Phosphatase, Subunit 1 and Structure-
Specific Recognition Protein 1 Localize to the Mitotic Kinetochore. The
activity of RNAPII is dependent on the coordinated binding of
transcription factors that mediate its activity in vivo. Consistent
with active transcription, we found the presence of carboxy-ter-
minal domain, RNA polymerase II, polypeptide A phosphatase,
subunit 1 (CTDP1), an RNAPII-specific transcription factor re-
quired for transcription elongation (17), at the mitotic kinet-
ochores of human and mouse cells (Fig. 2 A and B). CTDP1 also
localized to the mitotic kinetochores of the mardel (10) and PD-
NC4 neocentromeres but not to the inactive centromere of PD-
NC4 (Fig. 2 C and D). We also detected another key component
of the RNAPII machinery, structure-specific recognition protein 1
(SSRP1), a subunit of the histone chaperone facilitates chromatin
transcription (FACT) complex, at the mitotic kinetochores of
human and mouse chromosomes (Fig. S3). It is interesting that
a recent study has implicated FACT in facilitating the deposition
of CENP-A at the centromere (18), although the mechanism by
which FACT facilitates this deposition remains uncertain.

Mitotic Kinetochore-Bound RNAPII Is Involved in Active Transcription.
The above data suggested the presence of an actively transcrib-
ing RNAPII complex at the kinetochore during mitosis. To in-
vestigate this possibility further, we used an in situ transcription
assay to test the transcriptional competency of the kinetochore-
bound RNAPII. NIH 3T3 metaphase cells were cytospun and in-
cubated immediately in a transcription buffer supplemented with
FITC-rUTP to visualize sites of active transcription. Analysis of
interphase cells showed nucleolar and nuclear incorporation of
FITC-rUTP, representative of the transcriptional activity of in-
terphase nuclei (Fig. 3A). In contrast, when mitotic chromosomes
were analyzed, signals of active transcription, presenting as discrete
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Fig. 1. RNAPII-ser2 localizes to the mitotic kinetochore and is associated with
active kinetochore activity. (A) Antibody 4H8total RNAPII immunostained the
kinetochores of HeLa cells, as shown by the colocalization with CREST anti-
centromere signals (arrows). (B) Antibody 8WG16unphosphorylated, specific for
unphosphorylated RNAPII did not immunostain HeLa mitotic kinetochores.
(C) Antibody H14phosphoSer5, which recognizes RNAPII phosphorylated at ser-
ine 5 (RNAPII-ser5) associated with transcription initiation, showed no staining
of the kinetochores. (D) H5phosphoSer2, specific for elongating RNAPII, stained
the kinetochores of mitotic HeLa cells (arrows). (E) Combined immunofluo-
rescence/DNA-FISH (antibody H5phosphoSer2 and 10q25 band-specific 153G5
BAC probe) of mouse ES mardel (10) cells showed the presence of RNAPII-ser2
at the mardel (10) neocentromere (arrow) as well as at endogenous mouse
kinetochores. (F) RNAPII-ser2 was present only at the active neocentromere of
the PD-NC4 chromosomes (arrow) but not at the inactive native centromere
(arrowhead, as indicated by the weaker CREST signals attributed to residual
CENP-B). (G) Schematic depicting the change in RNAPII phosphorylation status
across the transcription cycle. At the promoter, RNAPII is unphosphorylated.
At transcription initiation, RNAPII is phosphorylated at serine 5 (S5), but be-
fore the RNAPII complex is competent for transcription elongation it must
be phosphorylated at serine 2 (S2). (Scale bars: 5 μm.)
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Fig. 2. Transcription factor CTDP1 is found at the kinetochores of human
and mouse cells as well as at neocentromeres. (A and B) CTDP1 localized to
the kinetochores of mitotic human HeLa and mouse NIH 3T3 cells re-
spectively, as evidenced by colocalization with CREST signals (arrows). (C)
CTDP1 also localized to the kinetochore of the mardel (10) neocentromere,
as shown by the colocalization of CTDP1 and 153G5 BAC DNA-FISH probe
specific for the mardel (10) 10q25 neocentromere (arrow). (D) CTDP1 is
enriched at the kinetochore of the active PD-NC4 neocentromere, as shown
by its colocalization with the brighter CREST signal (arrow), but not at the
inactive native alphoid centromere with reduced CREST signal (arrowhead).
(Scale bars: 5 μm.)
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FITC-rUTP foci, were enriched at the kinetochore region (Fig. 3B).
Subsequent immunostaining with CREST antisera showed direct
colocalization of the FITC-rUTP signals with CREST signals (Fig. 3
D and E). No FITC-rUTP labeling of the kinetochore was observed
when cells were treated with the RNAPII-specific inhibitor α-am-
anitin (Fig. 3C), demonstrating that the FITC-rUTP foci are a direct
consequence of RNAPII transcriptional activity at the kinetochore.

Mitotic Inhibition of RNAPII Causes a Decrease in α-Satellite Transcripts
and a Concomitant Increase in Lagging Chromosomes with Decreased
CENP-C Levels. A predicted outcome of active RNAPII transcription
at the metaphase kinetochore is the production of centromeric
transcripts in mitotic cells. Quantitative real-time reverse transcrip-
tase-PCR (real-time qRT-PCR) was used to compare the levels of
centromeric α-satellite transcripts in human 14ZBHT cells (19) that
had been arrested in mitosis for 1–6 h. 14ZBHT cells were treated
with colcemid for 1 h and subjected to mitotic shake-off to isolate
a pool of metaphase-enriched cells (average mitotic index of 70%;
n= 5), and were held in mitosis for a further 2 or 5 h (to give 1-, 3-,
and 6-h mitotic-arrested fractions; Fig. 4A). Although α-satellite
transcripts were detected successfully in mitotic 14ZBHT cells, they
were of low abundance, being ∼200-fold less abundant than in
GAPDH transcripts (in which levels remained high throughout
mitotic arrest). However, no significant increase in α-satellite tran-
scripts (or of the other housekeeping gene, β-actin) was detected in
the 1-, 3-, or 6-h mitotic-arrested cells (Fig. 4A), indicating that
α-satellite transcripts do not accumulate during mitotic arrest and
may have a short half-life. This result resembles the report of tran-
scripts derived from the CENP-A domain in fission yeast, which
were subjected to constant turnover (20).
To test the effect of RNAPII inhibition on α-satellite transcrip-

tion specifically in mitotic cells, colcemid-treated cells were sub-
jected tomitotic shake-off to isolate a pool of mitotic cells that were
split into control (untreated) and α-amanitin–treated groups and
were held in mitosis for a further 5 h. Treatment with α-amanitin
resulted in a significant reduction (by 68%) of α-satellite transcripts
compared with control mitotic cells (P = 0.016; n = 4) (Fig. 4B).
This result indicates that RNAPII is engaged in active transcription
of centromeric α-satellite DNA during mitosis. Despite the pres-
ence of a small percentage of interphase cells in the mitotic-
enriched fraction, no detectable decrease in the transcript levels of
control housekeeping genes (i.e., β-actin) was observed in the
α-amanitin–treated mitotic cells. This result could be attributed to
both the abundance of the housekeeping gene transcripts (even in
mitotic cells; Fig. 4A) and their relative stability [GAPDH, hypo-
xanthine phosphoribosyltransferase (HPRT), and β-actin tran-
scripts have half-lives longer than 20 h (21–23)].
Because RNAPII is essential for cellular viability, RNAi knock-

down of the RNAPII complex was not a feasible strategy for
studying the role of RNAPII-mediated α-satellite transcription in
kinetochore function. Instead, a nocodazole/cytochalasin B-cell
synchronization protocol was designed to determine the effect of
specific inhibition of RNAPII activity in mitotic cells. The integrity
of kinetochore function was measured using a lagging-anaphase
assay (24). 14ZBHT cells were treated with nocodazole to enrich
for mitotic cells before the addition of α-amanitin (or PBS for
control cells) for another 2 h. Cells were released from mitotic
arrest into fresh cytochalasin B-containing medium to inhibit cy-
tokinesis. The synchronization protocol and α-amanitin treatment
ensured that a large proportion of the accumulated anaphase cells
assayed had been targeted for RNAPII inhibition. One hundred
anaphase events were scored as either normal or anaphase lagging.
The results indicated that inhibition of RNAPII transcriptional
activity during mitosis caused a significant increase in anaphase
cells with lagging chromosomes, from 18% in control cells to 31%
in α-amanitin–treated cells (P=0.011) (Fig. 4C). A similar increase
in the proportion of lagging-anaphase cells (from 6.4% in control
cells to 14.6% in α-amanitin–treated cells) was observed when
ATCC-CCL 171 cells (a minimally transformed human lung fi-
broblast cell line with a normal, stable karyotype) were used in the
lagging-anaphase assay. The increase in anaphase-lagging cells was
observedwith orwithout the presence of cytochalasin B, confirming
that the anaphase-lagging phenotype was not an artifact of cyto-
chalasin B (Fig. S4A). Importantly, immunofluorescence experi-
ments and deconvolutionmicroscopy showed that the kinetochores
of the lagging chromosomes remain attached to the mitotic spindle
(Fig. S4D). This result suggests that the increase in chromosome
missegregation is not caused by a failure of the kinetochore to
attach to the mitotic spindle.
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Fig. 3. The kinetochore is transcriptionally active during mitosis. (A) In situ
transcription assay revealed transcriptional activity in cytospun NIH 3T3 in-
terphase cells, as shown by nuclear and nucleolar FITC-rUTP incorporation
(arrow). (B) The in situ transcription assay showed FITC-rUTP incorporation at
the kinetochore regions (arrows) of the mitotic chromosomes. (C) FITC-rUTP
incorporation at the kinetochore is sensitive to the RNAPII inhibitor α-amani-
tin. (D) CREST immunofluorescence performed after the in situ transcription
assay showed that the FITC-rUTP signals colocalized with CREST signals
(arrows). (E) Fluorescence intensity line scans of a single chromosome (boxed in
D). Lateral (solid line) and axial (dashed line) fluorescence intensity line-scans
through the kinetochores confirmed that the FITC-rUTP signals (green lines)
colocalized with CREST signals (red lines); blue lines indicate DAPI staining.
(Scale bars: 5 μm in A–D, 2 μm in E.)
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Interestingly, we also observed reduced CENP-C binding at the
kinetochores of both lagging and successfully segregated chromo-
somes in α-amanitin–treated 14ZBHT cells. α-Amanitin inhibition
of RNAPII activity caused a small but significant reduction (7%;
P=0.005) of CENP-C levels at the kinetochores of the successfully
segregated chromosomes.More importantly, α-amanitin treatment

resulted in further reduction (28%; P=0.002) of CENP-C levels at
the kinetochores of lagging chromosomes compared with levels in
control lagging chromosomes (Fig. 4D). The reduced CENP-C
association may compromise kinetochore function and could ex-
plain the increased anaphase lagging observed in the α-amanitin–
treated cells. Interestingly, no significant change in the levels of

A

C

D

B

Fig. 4. Transcription of α-satellite DNA during mitosis is me-
diated by RNAPII and is required for correct kinetochore
function. (A) A mitotic shake-off protocol and real-time qRT-
PCR were used to measure the levels of α-satellite RNA in
metaphase-arrested cells. Briefly, 14ZBHT cells were treated
with colcemid for 1 h, and mitotic shake-off was performed to
isolate a population of mitotic-enriched cells (average mitotic
index = 70%; n = 5). Cells were maintained in mitotic arrest for
an additional 0, 2, or 5 h to give 1-, 3-, and 6-h mitotic-arrested
populations. Total RNA was reverse-transcribed into cDNAs for
real-time qRT-PCR using the ΔΔCT method (normalized
against the mean of three housekeeping genes, β-actin,
GAPDH, and HPRT). No significant change in the levels of
α-satellite or actin transcripts was detected. (B) The effect of
RNAPII inhibition on centromere transcription was assayed. A
pool of mitotic 14ZBHT cells was isolated via mitotic shake-off
and split into two fractions, an α-amanitin–treated fraction
(incubated with 50 μg/mL α-amanitin) and a control fraction
(PBS added), for a further 5 h. RT-PCR quantification was
performed as described previously. α-Amanitin–mediated
RNAPII inhibition caused a significant decrease in α-satellite
levels (by 68%; n = 4; *P = 0.016; Student’s t test). Transcripts
of the control genes, G protein-coupled receptor kinase 5 and
β-actin, were unaffected. (C) A protocol was designed to tar-
get RNAPII inhibition to mitotic cells, and an anaphase-lagging
assay was used to detect kinetochore dysfunction. 14ZBHT
cells were treated with nocodazole for 2 h to enrich for mitotic
cells; then cells were treated with α-amanitin (50 μg/mL) or PBS
for a further 2 h. Cells then were released from mitotic arrest
and placed in cytochalasin B-containing medium to inhibit
cytokinesis. One hundred anaphase events were scored as
normal or anaphase lagging. Arrowheads indicate examples
of lagging chromosomes. α-Amanitin treatment caused a sig-
nificant increase in lagging anaphases (n = 3; P = 0.011; Stu-
dent’s t test). (D) An anaphase-lagging cell. Lagging chro-
mosomes are indicated by a box, and successfully segregated
sister kinetochores are indicated by arrowheads. Insets show
close-up images (CREST in green, CENP-C in red) (Left) and
merged images (Right) of a lagging chromosome. The fluo-
rescence intensities of CENP-C at the kinetochores of lagging
chromosomes (an example is indicated by asterisk) and suc-
cessfully segregated chromosomes were measured. After
α-amanitin inhibition, the mean fluorescence intensity of
CENP-C at the kinetochores of the successfully segregated
chromosomes was reduced slightly (by 7%; P = 0.005); an even
greater reduction of CENP-C was seen at the kinetochores’
lagging chromosomes (28%; P = 0.002; based on 77 control
and 107 α-amanitin–treated chromosomes from three bi-
ological replicates). Error bars in A–D represent SEM.
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NDC80 kinetochore complex component homolog (S. cerevisiae)
(HEC1), an outer kinetochore plate protein, was detected at the
kinetochores of either control or α-amanitin–treated cells. This
result suggests that inhibition of RNAPII activity does not appear
to interfere with the recruitment of HEC1 at the outer kinetochore
plate; however we cannot rule out the possibility that the associa-
tion of other members of the outer kinetochore KMN complex
could be disrupted.

Discussion
In this study, we show that actively transcribing RNAPII and its
associated transcription factors, CTDP1 and SSRP1, localize at the
mammalian mitotic kinetochore. The specific enrichment of these
components at the kinetochores of active neocentromeres, but not at
inactive alphoidDNA-based centromeres, establishes a link between
RNAPII binding and kinetochore activity. It also indicates that
RNAPII binding at the kinetochore is DNA sequence independent
and does not require large tracts of repeat DNA. With few excep-
tions, mitosis has long been assumed to be a period of transcriptional
silence, characterized by the eviction of both RNAPII and tran-
scription factors from the bulk mitotic chromatin (25–27). In view of
the dogma of mitotic gene repression, our demonstration of specific
retention of RNAPII, CTDP1, and SSRP1 at the mitotic kineto-
chore and evidence of centromeric mitotic transcription is striking.
More importantly, we provide evidence that RNAPII is engaged

in active transcription at the mitotic kinetochore and that inhibition
ofRNAPII activity inmitotic cells is sufficient to cause chromosome
missegregation. It is intriguing that these lagging chromosomes in
the α-amanitin–treated mitotic cells are still attached to the mitotic
spindle, indicating that the outer kinetochore is minimally affected
(as shown by unaffected levels of HEC1 recruitment). A recent
study showed that Aurora kinase B (AUKB) activity is potentiated
by the presence of noncoding RNA (28). The loss of transcripts
resulting from the inhibition of RNAPII transcription at the mitotic
kinetochore could impact the role of AUKB in correcting errone-
ous kinetochore–microtubule attachments (29) and thus account
for the increase in lagging-anaphase cells in the α-amanitin–treated
cells. Future analysis of other outer kinetochore proteins, as well as
other regulatory and structural kinetochore proteins, will reveal
more about the disruption to the overall kinetochore structure.
We demonstrate that the kinetochores of lagging chromosomes

in α-amanitin–treatedmitotic cells show reducedCENP-C levels. In
particular, the lagging chromosomes of α-amanitin–treated cells
showed an even greater reduction in CENP-C association, com-
pared with control cells. In an earlier study, we reported that
α-satellite RNA is a key component for the assembly of CENP-C at
the metaphase centromere (11). Interestingly, a recent study in
maize also showed that the in vitro binding of CENP-C to DNA is
enhanced and stabilized by the presence of long, single-stranded
RNA (12). Fluorescence recovery after photobleaching analysis of
CENP-C cell-cycle dynamics revealed that although CENP-C
undergoes dynamic exchange throughout most of the cell cycle,
CENP-C is stably bound at the mitotic kinetochore (30). The mi-
totic transcripts generated by the kinetochore-associated RNAPII
reported here could function to stabilize the association of CENP-C
at the kinetochore duringmitosis. The results of our study thus bring
together the above findings by showing that RNAPII-mediated
active transcription of α-satellite DNA at the mitotic mammalian
centromere is important for the generation of α-satellite transcripts,
CENP-C binding, and the function of the mitotic kinetochore.
Although earlier studies have shown that centromere transcrip-

tion is important for pericentric heterochromatin dynamics (3, 6),
more recent studies have provided further evidence of the impor-
tance of centromere transcription at the centromere core region
(20, 31). It has been shown that the chromatin of a synthetic human
kinetochore contains histone modification profiles consistent with
active chromatin. Long-term loss of H3K4me2 (a marker of open
chromatin) at kinetochore chromatin resulted in decreased cen-
tromeric transcripts and defects in CENP-A assembly because of
the loss of recruitment of a CENP-A chaperone, Holliday junc-
tion recognition protein (HJURP), and subsequent chromosome

missegregation. It was suggested that transcription at the kinet-
ochore region could be directly coupled to CENP-A deposition or
be indirectly responsible for maintaining a chromatin environ-
ment favorable for CENP-A deposition (31). The role of RNAPII
in promoting CENP-A deposition also is implied in studies that
show the association of CENP-A with centromeric transcripts (8,
20) and the association of the chromatin remodeler FACT with
CENP-A chromatin (18). Interestingly, CENP-C also has been
implicated recently in the recruitment of Mis18-binding protein 1
and HJURP to the centromere (32). Our demonstration that in-
hibition of mitotic transcriptional activity results in the de-
stabilization of CENP-C suggests that RNAPII transcription at
kinetochore also may have an upstream role in CENP-A loading,
via the stabilization of CENP-C binding. Our observations, to-
gether with work from others, implicate RNAPII transcription in
determining kinetochore structure and remodeling of the cen-
tromere chromatin during mitosis.

Experimental Procedures
Cell Culture and Cell Synchronization. All cells were cultured under standard
conditions. Human 14ZBHT cells (16) were cultured with 100 μg/mL Zeocin
(Invitrogen). Mouse ES monochromosomal cell hybrid ESmar10 cells (33) were
cultured in DMEMwith 15% FBS (vol/vol), 103 U/mL leukemic inhibitory factor,
0.1mM β-mercaptoethanol, and 100 μg/mLZeocin. Colcemid (Gibco)was added
to the cell medium at 0.1 μg/mL for 1–2 h before harvesting of mitotic cells.

Immunofluorescence. Primary antibodies used were mouse monoclonal anti-
bodies against RNAPII (H5, H14, 8WG16, and 4H8; Abcam) (Table S1), CTDP1
(Abnova), SSRP1, CENP-C, andHEC (Abcam), FITC-conjugatedmousemonoclonal
anti-tubulin (Abcam), and human polyclonal CREST antisera (15). Secondary
antibodies used were Alexa Fluor 488 goat polyclonal anti-human, Alexa Fluor
594 donkey polyclonal anti-mouse IgM, and Alexa Fluor 594 chicken anti-rabbit
antibodies (Molecular Probes).

Cells were fixed in PBS/0.5% Triton X-100/4% (vol/vol) paraformaldehyde,
blocked in PBS/1% BSA (vol/vol), and incubated with relevant primary and
secondary antibodies. Metaphase spreads were processed by immunofluo-
rescence analysis as previously described (11).

All immunofluorescenceanalysesandimageprocessingwereperformedusing
a Zeiss Axioimager.M1 microscope/AxioCam MRm camera/AxioVs40v4.6.1.0
software. Z-stack images were imaged at 0.25-μm intervals, and deconvolution
was applied using the iterative algorithm native to AxioVs40v4.6.1.0 software.

Immunofluorescence and DNA-FISH. Combined FISH and immunofluorescence
analyseswere carriedoutaspreviously described (8). The10q25neocentromere-
specific 153G5 BAC DNA probe was nick-translated with biotin-dUTP according
to the manufacturer’s instructions (Boehringer Mannheim). Detection of the
biotin probe was carried out with Alexa Fluor 488-conjugated avidin.

In Situ Transcription Assay. All reagents used were RNase-free. Cytospun mi-
totic cells were incubated immediately in transcription buffer [100mMKCl, 50
mM Tris·HCl (pH 7.4), 10 mM MgCl2, 0.5 mM EGTA, 25% glycerol (vol/vol), 2
mM rATP, 0.5 mM rCTP, 0.5 mM rGTP, 0.5 mM FITC-rUTP (Sigma), 1 mM 4-(2-
aminoethyl) benzenesulfonyl fluoride hydrochloride, 20 U/mL RNase in-
hibitor], rinsed with KCM buffer (120 mM KCl, 20 mM NaCl, 10 mM Tris-HCl,
0.5 mM sodium-EDTA, 0.1% Triton X-100), and fixed with 4% (vol/vol)
paraformaldehyde.

Real-Time RT-PCR Assessment of Mitotic Transcripts. 14ZBHT cells were treated
with 100 ng/mL colcemid (Gibco) for 1 h before mechanical detachment of
mitotic cells (average mitotic index of harvested cells = 70%; n = 5). The mitotic
cells were treated with 50 μg/mL α-amanitin (Sigma-Aldrich) or PBS (control
cells) for a further 5 h. RNA was isolated (SV Total RNA Isolation System;
Promega) and subjected to two rounds of RQ1 RNase-Free DNase (Promega)
treatment for maximal removal of genomic DNA. cDNAwas synthesized (High-
Capacity cDNA Reverse Transcription Kit; Applied Biosystems), and real-time
PCR was performed using SYBR Green PCR Master Mix (Applied Biosystems) in
anApplied Biosystems 7900HTReal-Time PCR System. cDNAequivalent to 10 ng
RNA was amplified with 200-nM primers (Primer sequences are given in Table
S2) Primers were designed using the PerlPrimer software package (.34).

The comparative cycle threshold (CT) method was used for data analyses.
Background values (no reverse transcriptase) were subtracted, and CT values
were normalized against the average CT value of three housekeeping genes
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(HPRT, GAPDH, and β-actin) to give theΔCT value. Relative fold differencewas
expressed as 2−ΔΔCT in transcription assays.

Mitotic RNAPII Inhibition Study. Asynchronous cells were treated with noco-
dazole for 2 h before the addition of 50 μg/mL α-amanitin (Sigma-Aldrich) for
another 2 h. α-Amanitin inhibition was conducted for only 2 h to minimize
spurious inhibition of RNAPII transcription in nonmitotic cells. Cells were
released from nocodazole arrest and incubated for 1 h in fresh medium
containing 10 μM cytochalasin B to inhibit cytokinesis. Cells were fixed in
PBS/0.5% Triton X-100/4% (vol/vol) paraformaldehyde and scored for
lagging anaphases.

Quantification CENP-C/HEC1 Signals on Lagging Chromosomes. Z-stacks were
taken at 0.5-μm intervals to span the depth of the mitotic cells to generate
a maximal image projection image. This image was used to measure the
fluorescence intensities of CENP-C and HEC1 at the anaphase kinetochores. A
circular area (0.2-μm diameter) was selected around the kinetochore of in-
terest, and the mean intensity (I) within the delineated area was determined
using the AxioVs40v4.6.1.0 software. Nonspecific background signal (IBK) for
each cell was calculated by the average intensity of five randomly selected
regions on chromatid arms. The average signal intensity of 10 successfully

segregated sister chromatid kinetochores (ISUCCESS) (randomly selected in the
CREST channel) from each cell was used as a control for the hybridization
variation. IBK was subtracted from the mean intensity of kinetochores of
lagging chromosomes (ILAG) and ISUCCESS. The ratio of CENP–C/HEC1 fluores-
cence intensities (R) of lagging kinetochores to the 10 successfully segregated
sister chromatid kinetochores was calculated as follows: R = (ILAG − IBK)/
(ISUCCESS − IBK). CENP-C/HEC1 mean fluorescence intensity (M) of lagging
chromosomes was calculated using the following equation: M = R × ISUCCESS.

Statistical Analysis. Comparisons between qRT-PCR datasets were performed
using a two-tailed, two-sample unequal variance Student’s t test. Statistical
analysis of the anaphase-lagging datawas performedusing a two-tailed, paired
Student’s t test. Analyses of CENP-C andHEC1meanfluorescence intensitywere
conducted using two-tailed, two-sample equal variance Student’s t test. For all
tests α was assumed to be 0.05.
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