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Introduction

Antiparallel overlapping microtubules are bundled between the 
separating chromosomes during anaphase, forming the central 
spindle (or the spindle midzone) and leading to the assembly of 
the actomyosin contractile ring.1, 2 Regulators of central spindle 
formation and actomyosin contractile ring assembly are mostly 
restricted to the interdigitated microtubules of central spin-
dles and they can be collectively called midzone components.3 

Numerous regulators have been implicated in promoting antipar-
allel microtubule bundling at the central spindle. In particular, 
the chromosome passenger complex (CPC), the centralspin-
dlin complex and protein regulator of cytokinesis 1 (PRC1)  
are considered to be the core regulators of central spindle 
assembly.4 

The CPC contains aurora B, survivin, INCENP (inner cen-
tromere protein) and borealin.5-10 During the metaphase-to-ana-
phase transition, aurora B is translocated along with survivin, 
INCENP and borealin from centromeres to the central spindle. 
Perturbing the function of survivin, INCENP or borealin leads 
to the mislocalization of aurora B.11 The centralspindlin complex 
contains MgcRacGAP/HsCYK-4 (a GTPase-activating protein) 
and mitotic kinesin-like protein 1 (Mklp1).12-15 PRC1 can inter-
act with kinesin family member 4A (Kif4A, a microtubule-based 
molecular motor), forming a PRC1-Kif4A complex.16-20 A line of 
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evidence shows that the CPC, the centralspindlin complex, and 
PRC1, promote the assembly and bundling of antiparallel micro-
tubules at the central spindle.4 The formation of central spindles 
ultimately leads to the recruitments of cytokinesis regulators such 
as polo-like kinase 1 (Plk1).21 It has been shown that Plk1 can 
phosphorylate and recruit critical cytokinesis regulators such as 
RhoGEFs to the central spindle,22-26 leading to the activation of 
RhoA at the cleavage furrow and the assembly of the actomyosin 
contractile ring. Therefore, the localization of Plk1 to the central 
spindle is a critical step during mitosis and cytokinesis.

Proper localizations of midzone components at the central 
spindle are important for central spindle assembly.4 It has been 
indicated that binding of midzone components to antiparallel 
overlapping microtubules is critical for their recruitments to the 
central spindle.4,27,28 Yet, localizations of midzone components 
to the central spindle are often interdependent. For instance, 
depletion PRC1 or Kif4A interferes with the localization of the 
centralspindlin complex and the CPC at the central spindle.19,29 
In addition, disruption of centralspindlin function decreases the 
localization of the CPC.30 In turn, the CPC is required for the 
stable localization of the centralspindlin complex.31, 32 Therefore, 
it is likely that different midzone components are also intercon-
nected and stabilized by scaffolds at the central spindle, thus con-
tributing to the regulation of midzone component assembly at 
the central spindle. However, just how scaffolds are implicated 
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in the assembly of midzone components at the central spindle is 
poorly understood.

It has been shown that microtubules at central spindles, while 
relatively more stable than those of the metaphase spindles, are still 
highly dynamic, especially during late anaphase.33 Microtubules 
polymerization is primarily regulated by the coordinated action 
of microtubule-stabilizing factors such as microtubule-associated 
proteins (MAPs) and microtubule-destabilizing factors such as 
kinesin-13, stathmin, and katanin.34-39 In particular, kinesin-13 
family proteins can promote microtubule depolymerization and 
are key regulators of microtubule dynamics during mitosis.34,40,41 
In addition, kinesin-13 proteins including Kif2a, Kif2b, and 
MCAK/Kif2c are localized to the central spindle and/or mid-
body during anaphase and telophase.42-44 However, it is still not 
clear how microtubule-destabilizing factors function at the cen-
tral spindle to balance the microtubule-bundling activity of mid-
zone components such as the CPC, the centralspindlin complex, 
and PRC1.

We found that coiled-coil domain containing protein 69 
(CCDC69) can destabilize microtubules in transfected HeLa 
cells. CCDC69 localizes to the central spindle and physically 
interacts with aurora B. Depletion of CCDC69 delocalizes 
aurora B (a component of the CPC), MgcRacGAP (a component 
of the centralspindlin complex), and PRC1. Our results suggest 
that CCDC69 may act as a microtubule-destabilizing factor and 
a scaffold to control central spindle assembly as well as to recruit 
midzone components to the central spindle.

Results

expression of coiled-coil domain containing protein 69 
(ccdc69). We originally identified CCDC69 as a potential 
downstream target for the homeodomain transcription factor 
Pitx2a using a tetracycline-inducible expression system.45,46 DNA 
microarrays and RT-PCR showed that exogenous expression of 
Pitx2a in HeLa cells increased the mRNA levels of CCDC69 
(data not shown). Human CCDC69 (NM_015621) contains 
296 amino acid residues with an expected molecular mass of ~42 
kDa. Mouse (NM_177471) and Xenopus (BC124990) orthologs 
of CCDC69 are also found in the database (sup. fig. 1). Northern 
blot analysis with full-length human CCDC69 cDNA as a probe 
showed that CCDC69 mRNA is highly expressed in duodenum, 
esophagus, pancreas, prostate, salivary gland, thymus, and uri-
nary bladder (fig. 1a). The size of CCDC69 mRNA in the blot 
is ~3.5 kb, in agreement with that for the deposited CCDC69 
mRNA in the NCBI database (NM_015621; 3416 bp in length). 
EST profile in the NCBI database also shows that CCDC69 is 
widely expressed in various tissues and organs (www.ncbi.nlm.
nih.gov/UniGene/ESTProfileViewer.cgi?uglist=Hs.655336). 
Further, immunoblot analysis with an antibody specific for 
human CCDC69 showed that CCDC69 is expressed in vari-
ous cancer cell lines such as HeLa, U2OS, and MDA-MB-231 
(fig. 1b). As shown in supplemental figure 1, mouse CCDC69 
lacks the peptide sequence (CKPPKKKRQEPEPEQPPRPE) 
that was used to raise the human CCDC69 peptide antibody. 
Accordingly, immunoblot analysis using the CCDC69 peptide 

antibody did not detect any protein bands in the lysate from a 
mouse embryo (at embryonic day 10.5; data not shown), sug-
gesting that the CCDC69 peptide antibody does not recognize 
mouse CCDC69 proteins.

exogenous expression of ccdc69 destabilizes micro-
tubules in transfected cells. As one of the first attempts to 
explore the cellular function of CCDC69, we have exogenously 
expressed GFP-CCDC69 in HeLa cells and stained with anti-
bodies against several cellular components including an anti-
body against b-tubulin. We noticed that, while GFP-CCDC69 
was predominantly localized in the nucleus in interphase cells  
(fig. 2a), exogenous expression of GFP-CCDC69 decreased micro-
tubule staining in the cytoplasm (n=145/200 cells; arrowhead in  
fig. 2bd). This observation suggests that a small amount of exog-
enously expressed GFP-CCDC69 in the cytoplasm was respon-
sible for such microtubule-destabilizing activity. Consistent with 
this speculation, in cells expressing high levels of GFP-CCDC69, 
a significant amount of GFP-CCDC69 remained in the cyto-
plasm (arrow in fig. 2be) and dramatically destabilized micro-
tubules (n=105/105 cells; arrowhead in fig. 2bf). 

Exogenous expression of CCDC69 greatly affected the micro-
tubule assembly during mitosis. Bipolar mitotic spindles are 
assembled in untransfected cells during mitosis (n=120/120 cells; 
arrowheads in fig. 2cb). However, mitotic cells expressing GFP-
CCDC69 failed to form bipolar mitotic spindles (n=95/102; 
arrowhead in fig. 2cf). To confirm that cells in panels e-h were 
at mitotic phase, immunofluorescence staining was done using 
antibodies specific for b-tubulin and the mitotic marker phos-
phorylated histone 3 (p-H3). As shown in figure 2d, metaphase 
chromosomes of an untransfected cell were positively stained for 
p-H3 (arrowhead in panel c) and the bipolar mitotic spindles are 
nicely formed (arrowheads in panel b). However, chromosomes 
of a transfected cell were positively stained for p-H3 (arrowhead 
in panel g) but bipolar mitotic spindles of the cell failed to form 
(arrowhead in panel f). These results indicate that cells in figure 
2c and d are at mitotic phase. However, we did not observe cell 
death in interphase cells expressing GFP-CCDC69, suggesting 
that decreases in microtubule stability are not secondary to cell 
death. It should be noted that expression of GFP alone in HeLa 
cells had no impact on microtubule polymerization or mitotic 
spindle formation (data not shown). 

the c-terminal half of ccdc69 is required to destabilize 
microtubules in transfected cells. The COIL program47 predicts 
that human CCDC69 contains four coiled-coil regions (amino 
acids 49-109, 122-159, 172-233, 237-269; see Figure 3A). Coiled-
coil domains are also predicted in mouse and xenopus CCDC69. 
To identify the regions that are critical for the microtubule-desta-
bilizing activity of CCDC69, we generated several truncated 
fragments of human CCDC69 (fig. 3b). Plasmids encoding 
CCDC69 fragments were transfected into HeLa cells. 24 h after 
transfection, the transfected cells were processed for immuno-
fluorescence to visualize GFP-tagged CCDC69 fragments and 
microtubules. Unlike the full-length CCDC69 that was predom-
inantly localized to the nucleus (figure 2a), the CCDC69 frag-
ment 49-296 (containing all coiled-coil regions) showed diffuse 
distribution in the cytoplasm and it dramatically destabilized 
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microtubules (arrowheads in Figure 3Cb; n=71/83). CCDC69 
fragments 172-296 and 1-233 are predominantly localized to 
the nucleus and also showed microtubule-destabilizing activ-
ity (arrowheads in Figures 3Ce and 3Ck; for 172-296 fragment, 
n=50/80; for 1-233 fragment, n=37/76). In contrast, CCDC69 
fragment 1-159 showed diffuse distribution in the cytoplasm 
but it had no obvious impact on microtubule polymerization 
(arrowhead in Figure 3Ch; n=45/47). These results indicate that 
amino acids 159-296 (containing coiled-coil regions172-233 and 
237-269) are critical for the microtubule-destabilizing activity of 
CCDC69. 

localization of endogenous ccdc69 during cell cycle 
progression. Immunoblot analysis with the CCDC69 pep-
tide antibody detects a single band with a molecular mass of 
~42 kDa (fig. 4a; lane 1). To further confirm the specific-
ity of the CCDC69 peptide antibody, HeLa cells transfected 
with CCDC69 siRNAs were subjected to immunoblot analy-
sis with the CCDC69 peptide antibody. Treatment of HeLa 
cells with CCDC69 siRNAs decreased the expression levels 
of the 42-kDa protein (fig. 4a; compare lane 1 with lanes 2 
and 3). Further, the CCDC69 peptide antibody also rec-
ognized GFP-CCDC69 from transfected HeLa cell lysate  

(fig. 4b). These results suggest that the CCDC69 peptide anti-
body can specifically recognize human CCDC69 proteins. We 
then carried out immunofluorescence staining to examine the 
subcellular distribution of endogenous CCDC69 proteins dur-
ing cell cycle progression. HeLa cells were fixed with parafor-
maldehyde and subjected to immunofluorescence staining with 
antibodies specific for CCDC69 and b-tubulin. CCDC69 
showed nuclear staining in interphase HeLa cells (fig. 4c). 
During metaphase, weak staining of CCDC69 was found along 
mitotic microtubules (arrow in fig. 4da). However, CCDC69 
was not concentrated at the spindle poles (arrowheads in  
fig. 4da and d). During early anaphase, CCDC69 was localized 
along overlapping interpolar microtubules between the separat-
ing chromosomes (arrowheads in fig. 4de and h). During late 
anaphase, CCDC69 formed a focused band at the center of cen-
tral spindles (arrowheads in fig. 4di and l). Finally, CCDC69 
was concentrated at the midbody during telophase (arrowheads 
in fig. 4dm and p). Thus, our findings indicate that CCDC69 
is predominantly localized to antiparallel overlapping microtu-
bules of the central spindle during anaphase. It should be noted 
that immunoblot analysis with the CCDC69 peptide antibody 
showed that CCDC69 protein levels remained constant during 
cell cycle progression (data not shown).

depletion of ccdc69 leads to the formation of aberrant 
central spindles. Exogenous expression of GFP-CCDC69 dra-
matically destabilized microtubules (figs. 2 and 3). In addition, 
endogenous CCDC69 is concentrated to the central spindle dur-
ing anaphase (fig. 4). Therefore, we asked whether CCDC69 
depletion has an impact on central spindle formation. HeLa 
cells depleted of CCDC69 by RNAi were subjected to immuno-
fluorescence staining with antibodies specific for CCDC69 and 
b-tubulin. In anaphase cells depleted of CCDC69, we observed 
disorganized microtubule bundling at central spindles (n=11/11 
cells; figs. 5c-d). In these CCDC69-depleted cells, microtubule 
bundling was increased near the spindle poles (arrowheads in 
panels c and d) but not at the center of central spindles. These 
results suggest that CCDC69 is involved in regulating the integ-
rity of central spindles. It should be noted that CCDC69 was 
not completely depleted by RNAi-mediated knockdown and 
CCDC69 proteins were still present in CCDC69 siRNA-treated 
cells (arrows in panels c-d).

depletion of ccdc69 delocalizes rhoa at the cleavage fur-
row. To determine the cellular function of CCDC69, we used 
time-lapse microscopy to monitor mitotic progression follow-
ing RNAi-mediated depletion of CCDC69 in HeLa cells. We 
found that approximately 15% of CCDC69-depleted mitotic 
cells examined failed to advance to anaphase and eventually died 
(n=9/55 cells; control siRNA-treated cells: n=1/20). However, 
cytokinesis defects in CCDC69-depleted cells were not evident 
(n=3/50 cells showed furrow regression; control siRNA-treated 
cells: n=0/20), indicating that cells completely depleted of 
CCDC69 might fail to advance to anaphase. Another possibil-
ity is that the efficiency of CCDC69-depletion by RNAi is not 
high (see fig. 2a; ~55-65% knockdown) and the cells with low 
CCDC69 levels might still be able to complete cytokinesis. We 
have also used a human GIPZ lentiviral shRNAmir target gene 

Figure 1. (A) Expression of CCDC69 mRNA in human tissues. A hu-
man poly(A+) RNA Northern blot was probed with P32-labeled human 
CCDC69 (upper panel; exposed for 24 h) or actin (lower panel; exposed 
for 7 h) cDNAs. (B) Expression of CCDC69 proteins in human cancer cell 
lines. The whole cell lysates were subjected to immunoblot analysis 
with antibodies specific for CCDC69 (upper panel) and β-tubulin (lower 
panel).
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set (Open Biosystems) specific for CCDC69 to carry out the 
knockdown experiments. Although the infected HeLa cells uni-
formly expressed the shRNAmir (judged by GFP signals), both 
immunoblot and immunofluorescence analyses showed that the 
knockdown efficiency did not improve (data not shown). We 
believe that this may be one of the reasons why whole genome 
screening did not identify CCDC69 as a regulator of central 
spindle formation and/or cytokinesis. 

It is well established that activation of RhoA at the 
cleavage furrow is a key step during cytokinesis.48,49 
Therefore, we carried out immunofluorescence stain-
ing to examine whether depletion of CCDC69 had 
an impact on RhoA staining at the cleavage furrow. 
HeLa cells transfected with control or CCDC69 
siRNAs were fixed with TCA and then subjected to 
immunofluorescence staining with antibodies specific 
for CCDC69 and RhoA. As shown in figure 6, RhoA 
staining was not concentrated at the equatorial cor-
tex in HeLa cells depleted of CCDC69 (n=12 cells). 
Since cortical RhoA staining at the cleavage furrow 
has been used to measure RhoA activation during 
cytokinesis and since deficiency in equatorial RhoA 
activation leads to defective cytokinesis48,50,51, our 
results suggest that depletion of CCDC69 decreased 
RhoA activation at the cleavage furrow, resulting in 
cytokinesis defects.

ccdc69 contributes to the concentration of 
aurora b at the central spindle. The chromosome 
passenger complex (CPC) contains aurora B, survivin, 
INCENP, and borealin.5-10 It has been shown that the 
CPC plays a central role in regulating central spindle 
formation.4 Depletion of CCDC69 resulted in the 
formation of aberrant central spindles, raising the pos-
sibility that CCDC69 may be implicated in control-
ling the localization of the CPC complex. To examine 
whether CCDC69 is colocalized with CPC compo-
nents during mitosis and cytokinesis, HeLa cells were 
fixed and processed for immunofluorescence staining 
with antibodies specific for aurora B and CCDC69. 
As shown in figure 7a, CCDC69 and aurora B were 
not colocalized at centromeres during metaphase. 
Nonetheless, CCDC69 appeared to be colocalized 
with aurora B at the central spindle during anaphase 
and at the midbody during telophase (fig. 7a).  
We then asked whether CCDC69 could bind to 
CPC components. As shown in figure 7c, lane 3, 
GST pull-down assays showed that GST-CCDC69 
could pull down the in vitro translated Myc-aurora 
B, indicating that CCDC69 can physically interact 
with aurora B. To determine the regions in CCDC69 
that are responsible for interaction with aurora B, 
we generated several truncated versions of CCDC69  
(fig. 7b). GST pull-down assays showed that GST-
tagged CCDC69 fragments 49-296 and 172-296, but 
not fragments 1-233, 1-159, and 1-127, could pre-
cipitate Myc-aurora B (fig. 7c and 7d), suggesting 

that amino acids 233-296, which contain one of the coiled-coil 
domains in CCDC69 (see fig. 3a), are required for interaction 
with aurora B. Therefore, our results indicate that CCDC69 
may interact with aurora B through its coiled-coil domain at the 
C-terminus.

We then asked whether depletion of CCDC69 has an 
impact on the localization of the CPC complex. To this end, 
HeLa cells transfected with control or CCDC69 siRNAs were  

Figure 2. HeLa cells were transfected with a plasmid encoding GFP-CCDC69. 24 
h after transfection, the transfected cells were fixed with paraformaldehyde and 
subjected to immunofluorescence staining. (A) The transfected HeLa cells were 
stained with anti-lamin and DAPI. (B–C) The transfected HeLa cells were stained with 
anti-β-tubulin and DAPI. Note that all images in B were collected using the same 
exposure time. (D) The transfected HeLa cells were stained with anti-β-tubulin and 
anti-phosphorylated histone 3 (p-H3). Bar, 20 μm (A–B) or 5 μm (C–D).
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Figure 3. (A) The COIL program predicts that human CCDC69 contains four coiled-coil domains (amino acids 49-109, 122-159, 172-233, and 237-269). 
(B) Schematic diagram of CCDC69 fragments. (C) HeLa cells were transfected with plasmids encoding GFP-tagged CCDC69 fragments 49-296 (a-c), 
172-296 (d-f), 1-159 (g-i), 1-233 (j-i). The transfected cells were fixed with paraformaldehyde and subjected to immunofluorescence staining with anti-
β-tubulin. Bar, 20 μm.

Figure 4. (A) HeLa cells transfected with control (siCont) or CCDC69 (siCCDC69) siRNAs were subjected to immunoblot analysis with the CCDC69 
peptide antibody. (B) HeLa cells transfected with a plasmid encoding GFP-CCDC69 were subjected to immunoblot analysis with the CCDC69 peptide 
antibody. (C) Untransfected HeLa cells were subjected to immunofluorescence staining with the CCDC69 peptide antibody and DAPI. (D) Untransfect-
ed HeLa cells were stained with anti-CCDC69, anti-β-tubulin and DAPI. Bar, 25 μm (C) or 5 μm (D). 
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subjected to immunofluorescence staining for CCDC69 and CPC 
components (aurora B or INCENP). Depletion of CCDC69 did 
not interfere with the translocation of aurora B or INCENP from 
centromeres to the central spindle (fig. 8a and 8b). However, 
both aurora B and INCENP staining appeared as broad bands at 
the central spindle (fig. 8a and 8b). 

ccdc69 is required for the localization of Prc1 and 
mgcracGaP at the central spindle. In addition to the CPC com-
plex, PRC1 and the centralspindlin complex also play a pivotal role 
in regulating the assembly of central spindles.16,17, 30,52 Both PRC1 
and the centralspindlin complex can stimulate microtubule bun-
dling at the central spindle. 17,30 Thus, we asked whether deple-
tion of CCDC69 interfered with the localization of PRC1 and 
the centralspindlin complex at the central spindle. As shown in  
figure 8c, depletion of CCDC69 in HeLa cells disrupted the 

localization of PRC1 to the central spindle. The centralspindlin 
complex is a heterotetrameric complex that contains a dimer of 
Mklp1 (a kinesin-6 motor protein) and a dimer of MgcRacGAP/
HsCYK-4. 5,52 Notably, Mklp1 and MgcRacGAP localize to 
the center of the central spindle as a complex, i.e. Mklp1 or 
MgcRacGAP alone does not localize to the central spindle.15 
figure 8d showed that depletion of CCDC69 also disrupted 
the localization of MgcRacGAP at the central spindle. Thus, 
our results indicate that CCDC69 is required for the localiza-
tion of PRC1 and the centralspindlin complex at the central 
spindle. However, in vitro GST pull-down assays showed that 
GST-CCDC69 was not able to pull down Myc-tagged PRC1 or 
MgcRacGAP (data not shown).

ccdc69 is required for the localization of Plk1 to the cen-
tral spindle. Polo-like kinase 1 (Plk1) is a critical mitotic kinase 
that plays a central role in recruiting RhoGEFs to the central 
spindle, leading to the activation of RhoA and the assembly of 
the actomyosin contractile ring.23-26 We found that depletion of 
CCDC69 interfered with the localization of RhoA at the cleav-
age furrow (fig. 6). Although it has been shown that PRC1 and 
Mklp2 are critical for the localization of Plk1 to the central spin-
dle,53,54 it is suggested that other mechanisms may be involved as 
well.26 Thus, we asked whether CCDC69 had a role in localizing 
Plk1 to the central spindle. Immunofluorescence staining with 
antibodies specific for CCDC69 and Plk1 showed that CCDC69 
and Plk1 were colocalized to the central spindle and midbody 
(fig. 9ah, l, and p), but not at the spindle poles (fig. 9a). To 
determine whether CCDC69 is required for the localization of 
Plk1 to the central spindle, HeLa cells transfected with control or 
CCDC69 siRNA were subjected to immunofluorescence stain-
ing for CCDC69 and Plk1. As shown in figure 9b, depletion 
of CCDC69 interfered with the localization of Plk1 to the cen-
tral spindle. It has been shown that Plk1 can phosphorylate mid-
zone components such as PRC1, Mklp2, and MgcRacGAP.26,53,54 
Thus, we performed an in vitro kinase assay to determine whether 
CCDC69 also served as a substrate of Plk1. As shown in figure 
9c, GST-tagged full-length CCDC69 could be phosphorylated 
by Plk1. However, although aurora B interacts with CCDC69  
(fig. 7), it could not phosphorylate CCDC69 (fig. 9c; lane 3).

inhibition of aurora b but not Plk1 disrupts the localization 
of ccdc69 to the central spindle. It has been shown that local-
ization of midzone components to the central spindle is often 
interdependent. For instance, Mklp2 is critical for the localiza-
tion of CPC components INCENP and aurora B to the central 
spindle,55 whereas aurora B can phosphorylate centralspindlin 
components (Mklp1 and MgcRacGAP) and recruit them to the 
central spindle.56,57 Thus, we asked whether inhibition of aurora 
B or Plk1 had an impact on CCDC69 localization at the cen-
tral spindle. HeLa cells treated with small chemical inhibitors of 
aurora B or Plk1 were subjected to immunofluorescence staining 
for CCDC69 and b-tubulin. Because of critical functional roles 
of aurora B and Plk1 during earlier mitosis, exposure of HeLa 
cells to these small chemical inhibitors does not allow them to 
advance to anaphase. However, we should still be able to iden-
tify cells that had already advanced to anaphase when they were 
exposed to the inhibitors for a short period of time (~25 min). 

Figure 5. HeLa cells transfected with control (siCont; panels a-b) or 
CCDC69 (siCCDC69; panels c-d) siRNAs were subjected to immunofluo-
rescence staining with anti-CCDC69 (green), anti-β-tubulin (red), and 
DAPI (blue). Bar, 5μm.

Figure 6. HeLa cells transfected with control (siCont; panel a) or 
CCDC69 (siCCDC69; panel b) siRNAs were fixed with TCA and subjected 
to immunofluorescence staining with anti-CCDC69 (green), anti-RhoA 
(red), and DAPI (blue). Bar, 7.5μm.
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Consistent with previous reports,58 we found that inhibition of 
aurora B compromised the integrity of central spindles (fig. 10; 
arrowhead in panel g) and caused defects in chromosome segre-
gation (fig. 10; arrowhead in panel h). Treatment of HeLa cells 
with an aurora B inhibitor disrupted the localization CCDC69 
to the central spindle (fig. 10; compare panels a–e with panels 
f–j). HeLa cells treated with a Plk1 inhibitor also showed defects 
in chromosome segregation (arrowhead in fig. 10m). However, 
inhibition of Plk1 activation had little impact on central spindle 
formation (fig. 10; arrowhead panel l) and did not interfere with 
CCDC69 localization at the central spindle (fig. 10; compare 
panels a–e with panels k–o).

Discussion

In this article, we have demonstrated that the coiled-coil pro-
tein CCDC69 can destabilize microtubules. Knockdown of 
CCDC69 by RNAi leads to the formation of aberrant central 
spindles and interferes with the localization of midzone compo-
nents such as aurora B, PRC1, MgcRacGAP, and Plk1. CCDC69 
is a substrate for Plk1 and also physically interacts with aurora 
B through coiled-coil domain at the C-terminus of CCDC69. 
Inhibition of aurora B leads to the mislocalization of CCDC69 
at the central spindle. Our results suggest that CCDC69 plays a 
critical role in regulating the assembly of central spindles and the 
recruitment of midzone components to the central spindle. 

effect of ccdc69 on microtubule polymerization. 
Endogenous CCDC69 is exclusively localized in the nucleus 
(fig. 4c). Consistently, GFP-CCDC69 is also predominantly 
localized to the nucleus (fig. 2a). However, exogenous expres-
sion of CCDC69 decreased microtubule staining in trans-
fected interphase cells. We believe that some of the exogenously 
expressed GFP-CCDC69 remained in the cytoplasm, thus 
impacting microtubule stability. There are several findings 
that support this speculation. First, HeLa cells expressing high 
levels of GFP-CCDC69 showed a stronger GFP signal in the 
cytoplasm and, accordingly, microtubule staining in those cells 
is much weaker than that in cells expressing low levels of GFP-
CCDC69 (fig. 2b). Second, a CCDC69 fragment 49-296 was 
predominantly localized to the cytoplasm and exhibited greater 
capability of destabilizing microtubules as compared with full-
length CCDC69 (Compare fig. 2bb with fig. 3cb). Third, 
exogenous expression of GFP-CCDC69 dramatically destabi-
lized microtubules during mitosis and disrupted the formation 
of bipolar mitotic spindles (fig. 2c and 2d), suggesting that the 
breakdown of the nuclear envelope during mitosis and the release 
of GFP-CCDC69 from the nucleus may increase the impact of 
GFP-CCDC69 on microtubule polymerization. Consistent with 
these observations, we have never observed an anaphase cell 
expressing GFP-CCDC69 (data not shown). Thus, our results 
indicate that direct exposure of CCDC69 to microtubules is 
likely required for microtubule destabilization. Our results also 
indicate that, under physiological conditions, CCDC69 is seques-
tered in the nucleus during interphase and therefore prevented 
from affecting interphase microtubules. It would be interesting 
to know how the microtubule-destabilizing activity of CCDC69 

is regulated once CCDC69 is released from the nucleus during  
mitosis.

Although exogenous expression of CCDC69 dramati-
cally decreased microtubule staining in transfected HeLa cells  
(fig. 2), we do not know at present whether CCDC69 can 
directly impact microtubule stability. The roles of microtubule-
destabilizing factors (i.e. kinesin-13 proteins and stathmin/
Op18) and the microtubule-severing protein katanin in regulat-
ing microtubule dynamics have been well established.44,59,60 In 
particular, kinesin-13 proteins are localized to the nucleus during 
interphase and then translocated to both mitotic spindles and 
central spindles.42,43,61 Exogenous expression of wild-type stath-
min in transfected cells decreases microtubule staining during 
interphase and mitosis.62 Stathmin is distributed in the cytoplasm 
of the interphase cells and localizes to the mitotic spindle during 
mitosis.62 Therefore, it is possible that CCDC69 impacts micro-
tubule polymerization via increasing the activity of microtubule-
destabilizing factors such as kinesin-13 proteins and stathmin. 
On the other hand, a large number of microtubule-stabilizing/
bundling factors including numerous midzone components pro-
mote microtubule polymerization.4,34 Thus, it is also possible that 
CCDC69 decreases microtubule stability through repressing the 
activity of microtubule-stabilizing factors.

regulation of central spindle formation by ccdc69. HeLa 
cells expressing GFP-CCDC69 failed to form bipolar mitotic 
spindles and were not able to advance to anaphase (fig. 2c  
and 2d; data not shown). Thus, it is not clear whether exogenous 
expression of CCDC69 has an impact on antiparallel microtubule 
bundling at the central spindle during anaphase. Nonetheless, 
our results showed that RNAi-mediated knockdown of CCDC69 
led to the formation of abnormal central spindles with increased 
microtubule bundling at or near the spindle poles (fig. 5), indi-
cating that CCDC69 may be involved in regulating microtu-
bule bundling at the central spindle. However, over-whelming 
microtubule bundling was not observed at the central spindle 
of CCDC69-deficient cells. One possibility is that depletion of 
CCDC69 at the central spindle also delocalizes microtubule-
bundling factors such as PRC1 and MgcRacGAP, i.e. depletion 
of CCDC69 leads to a decrease in both microtubule-destabiliz-
ing and -stabilizing activities at the central spindle. Although it 
appears that this is a futile cycle that does not lead to net changes 
in the balance between the activities of microtubule-stabilizing 
and -destabilizing factors, it may be an effective way to maintain 
optimal microtubule dynamics at the central spindle under phys-
iological conditions. It is well established that aurora B, PRC1, 
and MgcRacGAP play a central role in regulating central spindle 
assembly. Thus, it is also possible that the formation of abnormal 
central spindles following CCDC69-depletion is due to the mis-
localization of aurora B, PRC1, or MgcRacGAP.

regulation of the assembly of midzone components at the 
central spindle by ccdc69. Correct localization of midzone 
components during anaphase is essential for central spindle for-
mation and the assembly of the actomyosin contractile ring.4 Our 
results showed that RNAi-mediated knockdown of CCDC69 led 
to the mislocalization of midzone components such as aurora 
B, PRC1, INCENP, MgcRacGAP, and Plk1. It has been shown 
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Figure 7. (A) Untransfected HeLa cells were subjected to immunofluorescence staining with anti-CCDC69 (green), anti-aurora B (red), and DAPI (blue). 
Panels e, j, o, and t show merge of three channels. Panels d’, i’, n’, and s’ are enlarged images that correspond to the insets in panels d, i, n, and s, 
respectively. Bar 5μm. (B) Schematic diagram of GST-tagged CCDC69 fragments that were used for GST pull-down assays in C and D. (C-D) GST-tagged 
CCDC69 full-length and fragments were used in GST pull-down assays to precipitate the in vitro translated Myc-aurora B. (E) A Coomassie staining gel 
of GST-tagged CCDC69 full-length and fragments that were used in C and D.
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that the translocation of aurora B from centromeres 
to the central spindle requires the coordinated action 
of survivin, INCENP or borealin.5,11,27 In particular, 
INCENP can target and activate aurora B by acting as a 
scaffold.28,32,63,64 We found that, in CCDC69-depleted 
cells, aurora B was successfully translocated from cen-
tromeres to the central spindle, but was not concen-
trated as a narrow band at the central spindle (fig. 8). 
Consistently, CCDC69 and aurora B were colocalized 
at the central spindle but not at the centromeres (fig. 
7a). These results suggest that CCDC69 has a distinc-
tive role in localizing aurora B at the central spindle. 
It would be interesting to know whether CCDC69 
can regulate aurora B activation at the central spindle. 
CCDC69 is predicted to be coiled-coil protein and it 
can physically interact with aurora B, suggesting that 
CCDC69 may promote the assembly of aurora B at 
the central spindle by acting as a scaffold. However, we 
found that CCDC69 does not interact with survivin 
or borealin (data not shown). It is not clear whether 
CCDC69 can bind to INCENP. 

There are at least two possibilities regarding how 
CCDC69 depletion impacts the localization of mid-
zone components. One possibility is that CCDC69 acts 
as a scaffold at the central spindle to regulate the assem-
bly of midzone components. For instance, CCDC69 
binds to aurora B and is implicated in concentrating 
aurora B to the central spindle. It is of note that aurora B 
can phosphorylate centralspindlin components (Mklp1 
and MgcRacGAP) and recruit them to the central spin-
dle.56,57 Thus, mislocalization of MgcRacGAP at the 
central spindle following CCDC69 knockdown can be 
secondary to the mislocalization of aurora B. Another 
possibility is that CCDC69 may regulate microtubule 
polymerization at the central spindle, thus contribut-
ing to the regulation of central spindle formation. Our 
results show that CCDC69 depletion leads to abnor-
malities in central spindle assembly (fig. 5). Thus, the 
effect of CCDC69 depletion on the mislocalization of 
midzone components can result from abnormalities in 
central spindle formation.

regulation of Plk1 localization at the central spin-
dle by ccdc69. Plk1 can phosphorylate the midzone 
components PRC1 and MKlp2. Binding of Plk1 to 
PRC1 and Mklp2 promotes the timely recruitment of 
Plk1 to the central spindle during anaphase.53,54 In turn, 
Plk1 recruits RhoGEFs to the central spindle, leading 
to the activation of RhoA and the assembly of the acto-
myosin contractile ring.22-25 In particular, a recent study shows 
that phosphorylation of MgcRacGAP by Plk1 promotes the 
MgcARcGAP-Ect2 interaction and subsequently the recruitment 
of Ect2 to the central spindle.26 The study also indicates that, 
in addition to PRC1 and Mklp2, other mechanisms may also 
contribute to the regulation of Plk1 recruitment to the central 
spindle during anaphase.26 Our results indicate that CCDC69 
knockdown interfered with the localization of Plk1 to the central 

spindle (fig. 9b). Consistent with these observations, CCDC69 
and Plk1 colocalized to the central spindle (fig. 9a). Further, our 
results also showed that CCDC69 depletion decreased equato-
rial RhoA staining (fig. 6). Therefore, it is likely that CCDC69 
contributes to the recruitment of Plk1 to the central spindle. 
However, we cannot rule out the possibility that mislocalization 
of Plk1following CCDC69 knockdown is secondary to central 
spindle defects. 

Figure 8. HeLa cells were transfected with control (siCont) or CCDC69 (siCCDC69) 
siRNAs. 72 h after transfection, the transfected cells were fixed with paraformalde-
hyde and subjected to immunofluorescence staining with antibodies as indicated. 
The chromatids were stained with DAPI. Bar, 5μm.
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We have found that CCDC69 plays a critical role in control-
ling the localization of midzone components including aurora B 
at the central spindle. In turn, aurora B activity is required for the 
localization of CCDC69 to the central spindle. It has been shown 
that the localization and assembly of midzone components at 
the central spindle are, to a certain extent, interdependent.19,29-32 
These observations are consistent with the concept that various 
midzone components and/or complexes are functionally and 
structurally connected through adaptors or scaffolds. Our results 
indicate that CCDC69 may be one such scaffold that provides 
physical interconnections among midzone components. Also, 
it is conceivable that antiparallel microtubule bundling at the 
central spindle is controlled by the coordinated action of micro-
tubule-stabilizing/bundling and -destabilizing factors. Thus, 
a future direction will be to investigate whether CCDC69 is  
implicated in regulating microtubule polymerization at the  
central spindle.

Materials and Methods

Plasmids and cell culture. The human CCDC69 cDNA was ampli-
fied from HeLa cell total RNA by RT-PCR with the following primer 
pair: 5’-CTCGAGATGGGCTGCAGACACAGCAGG-3’ (for-
ward primer; the underlined nucleotide sequence is the recognition 
site for XhoI) and 5’-GGATCC CTATGTGGCGAGGAAAGA-3’ 
(reverse primer; the underlined nucleotide sequence is the rec-
ognition site for BamHI). The human CCDC69 cDNA was 

subcloned into pEGFP-C3 and pCS3+MT vectors to generate 
pEGFP-CCDC69 and pCS3-CCDC69. Different truncated 
versions of CCDC69 were also subcloned into pEGFP-C3 
or pGEX-6p to generate plasmids encoding GFP- or GST-
tagged polypeptides. HeLa cells were purchased from Clontech 
(Mountain View, CA). U2OS and MDA-MB-231 cells were pur-
chased from ATCC (Manassas, VA). MDA-MB-231 cells were 
grown in Leibovitz’s L-15 medium supplemented with 10% fetal 
bovine serum. HeLa and U2OS cells were cultured in DMEM 
supplemented with 10% fetal bovine serum. Transfection was 
done with Lipofectamine 2000 according to the manufactur-
er’s instructions (Invitrogen, Carlsbad, CA). siRNAs specific 
for the human CCDC69 gene were purchased from Invitrogen  
(#1: GAG UCC AUU CUG AGC CGA AAC UAU A; #2: GCA 
CCA GAA GGA UAU AAC CAG AAU U).

northern blot analysis. The human poly(A+) RNA Northern 
blot (purchased from OriGene Technologies, Inc.) contains 
poly(A+) RNA samples from 12 major human tissues (brain, duo-
denum, esophagus, pancreas, PBL, prostate, salivary gland, testis, 
thymus, thyroid, urinary bladder, uterus). The full-length human 
CCDC69 cDNA was used as a probe. The probe was labeled with 
[a-32P]dCTP (PerkinElmer Life and Analytical Sciences) using 
the DECAprime™ II Kit (Applied Biosystems/Ambion). The 
hybridization was carried out in the ULTRAhyb® Ultrasensitive 
Hybridization Buffer (Applied Biosystems/Ambion) according 
to the manufacturer’s instructions. The membrane was exposed 
to x-ray films for 24 h at -75ºC. After storage at -20ºC for  

Figure 9. (A) Untransfected HeLa cells were fixed with acetone/methanol and subjected to immunofluorescence staining with anti-CCDC69 (green), 
anti-Plk1 (red), and DAPI (blue). (B) HeLa cells were transfected with control (siCont) or CCDC69 (siCCDC69) siRNAs. 72 h after transfection, the trans-
fected cells were fixed with acetone/methanol and subjected to immunofluorescence staining with anti-CCDC69, anti-Plk1, and DAPI. Bar, 5μm. (C) Au-
toradiogram following SDS-PAGE of samples from in vitro kinase assays carried out to measure the activity of Plk1 and aurora B towards GST-CCDC69. 
(D) A Coomassie stained gel of GST-CCDC69 that was used in C. Bar, 5μm.
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2 months, the blot was re-probed using human actin cDNA as a  
probe.

Protein expression and in vitro translation. The bacterial 
expression system was used to express GST-tagged polypeptides. 
BL21 bacterial cells expressing GST-fused polypeptides were 
homogenized by sonication and lysed in PBS containing 1% 
Triton X-100 for 1 h at 4°C. GST-tagged polypeptides were puri-
fied using glutathione-agarose beads. After elution with 100 mM 
Tris-HCl (pH 7.5) and 5 mM glutathione, the GST-polypeptides 
were dialyzed against 50mM Tris-HCl (pH 7.5), 50 mM NaCl. In 
vitro translated Myc-tagged Plk1 or aurora B protein was synthe-
sized using the TNT SP6 quick coupled transcription/translation 
system (Promega) according to the manufacturer’s instructions. 

Gst pull-down assays. GST pull-down assays were carried 
out as described previously.65,66 Briefly, in vitro translated Myc-
tagged proteins were incubated with the immobilized GST-fused 
polypeptides overnight at 4°C. After washing 4 times with bind-
ing buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 0.05% 
Triton-X-100, 10% glycerol, 0.2 mM EDTA and 1 mM DTT), 
the bound proteins were eluted into SDS-PAGE loading buffer.

immunoblotting. Cell lysates and GST pull-down proteins 
were separated by 7 or 4–12% SDS-PAGE gels, transferred to 
Immobilon-P transfer membranes (Millipore), blocked in 5% 
non-fat milk and incubated with primary antibodies as indicated. 
The following primary antibodies were used: mouse anti-Myc 
(9E10, 1:1000; Santa Cruz Biotechnology), rabbit anti-GFP 
(1:1000; Santa Cruz Biotechnology), rabbit anti-b-tubulin 
(1:2000; Santa Cruz Biotechnology), and rabbit anti-CCDC69 
(1:500; rabbit anti-CCDC69 antibody was raised using the fol-
lowing peptide as antigen: CKPPKKKRQEPEPEQPPRPE; 
This peptide corresponds to amino acid residues 10-30 in human 
CCDC69). After washing three times, the blots were incubated 
with horseradish peroxide-conjugated secondary antibodies 
(1:5000; Santa Cruz Biotechnology) for 1 h at 23°C and visu-
alized by SuperSignal West Pico Luminol/Enhancer solution 
(Pierce Biotechnology).

immunofluorescence staining. HeLa cells were transfected 
with plasmids (GFP-tagged CCDC69 full-length or fragments) 
or siRNAs (control or CCDC69 siRNAs). 24 h (plasmids) or  
72 h (siRNAs) after transfection, the transfected cells were fixed 
with 4% paraformaldehyde to stain microtubules, CCDC69, 
aurora B, INCENP, MgcRacGAP, PRC1, lamin A+C, and 
phosphorylated histone 3 (p-H3). For RhoA staining, cells were 
fixed with 10% TCA for 10 min on ice. For Plk1 and CCDC69 
co-staining, cells were fixed with methanol/acetone. To disrupt 
Plk1 or aurora B activation, HeLa cells were treated with vehicle 
(DMSO; Sigma), GW 843682X (1 mM; Tocris Bioscience) or 
ZM 447439 (10 mM; Tocris Bioscience) for 25 min and then 
fixed with 4% paraformaldehyde. The following primary anti-
bodies were used for immunofluorescence staining: mouse 
monoclonal to aurora B (1:1000; Abcam); goat polyclonal to 
RACGAP1/MgcRacGAP (1:100; Abcam); mouse monoclonal 
to INCENP (1:500; Abcam); goat polyclonal to PRC1 (1:100; 
Santa Cruz Biotechnology); mouse monoclonal to RhoA (1:100; 
Santa Cruz Biotechnology); mouse monoclonal to b-tubulin 
(1:1000; Sigma); rabbit polyclonal to phospho-histone H3 (1:100; 

Millipore); mouse monoclonal to Plk1 (1:200; Millipore); mouse 
monoclonal to lamin A+C (1:100; Abcam). The secondary anti-
bodies Alexa Fluor 594 donkey anti-mouse IgG (1:500), Alexa 
Fluor 350 donkey anti-mouse IgG (1:500), Alexa Fluor 594 don-
key anti-goat IgG (1:500), Alexa Fluor 488 donkey anti-goat 
IgG (1:500), Alexa Fluor 594 donkey anti-rabbit IgG (1:500), 
and Alexa Fluor 488 donkey anti-rabbit IgG (1:500) were pur-
chased from Invitrogen. The nuclei were visualized by DAPI 
(Sigma, St. Louis, MO). Images were taken using a Leica DMI 
6000 B microscope (Leica, Deerfield, IL) and processed by blind 
deconvolution.

in vitro kinase assays. For in vitro kinase assays, 5 mg of puri-
fied GST-tagged CCDC69 were incubated in 1X kinase assay 
buffer (5mM MOPS, pH 7.2, 2.5 mM b-glycerophosphate, 
1mM EGTA, 0.4 mM EDTA, 5mM MgCl2, 0.05 mM DTT, 
200 mM ATP) with 2.5 mg of His-tagged Plk1 (Cell Signaling) 
and 5 mCi [g32] ATP. The total volume for the reactions is 
50ul. The reaction mixtures were incubated at 30°C for 30 min, 
stopped by adding 2X SDS-PAGE loading buffer and boiling at 
100°C for 10 min, resolved on a 10% SDS-PAGE, dried with the 
Gel Dryer Vacuum system (Fisher Scientific), and subjected to 
autoradiography.
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note

Supplementary materials can be found online at: www.landesbio-
science.com/supplement/PalCC9-20-Sup.pdf

Figure 10. Untransfected HeLa cells were treated with DMSO (panels 
a-e), ZM 447439 (ZM; panels f-j), or GW 843682X (GWX; panels k-o) for 25 
min. The treated cells were fixed with paraformaldehyde and subjected 
to immunofluorescence staining with anti-CCDC69 (green), anti-β-
tubulin (red), DAPI (blue). Merge of green and red channels is shown in 
d, i, n and merge of green, red, and blue channels is shown in e, j, o.  Bar 
7.5μm.
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