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Ccdc61 controls centrosomal localization of 
Cep170 and is required for spindle assembly 
and symmetry

ABSTRACT Microtubule nucleation was uncovered as a key principle of spindle assembly. 
However, the mechanistic details about microtubule nucleation and the organization of 
spindle formation and symmetry are currently being revealed. Here we describe the function 
of coiled-coil domain containing 61 (Ccdc61), a so far uncharacterized centrosomal protein, in 
spindle assembly and symmetry. Our data describe that Ccdc61 is required for spindle as-
sembly and precise chromosome alignments in mitosis. Microtubule tip-tracking experiments 
in the absence of Ccdc61 reveal a clear loss of the intrinsic symmetry of microtubule tracks 
within the spindle. Furthermore, we show that Ccdc61 controls the centrosomal localization 
of centrosomal protein of 170 kDa (Cep170), a protein that was shown previously to localize 
to centrosomes as well as spindle microtubules and promotes microtubule organization and 
microtubule assembly. Interestingly, selective disruption of Ccdc61 impairs the binding be-
tween Cep170 and TANK binding kinase 1, an interaction that is required for microtubule 
stability. In summary, we have discovered Ccdc61 as a centrosomal protein with an important 
function in mitotic microtubule organization.

INTRODUCTION
The assembly of a bipolar spindle is essential for the accurate segre-
gation of chromosomes during mitosis and meiosis and relies on the 
tightly regulated nucleation of microtubules (MTs). Formation of 

bipolar mitotic spindles with bioriented chromosomes ensures the 
faithful segregation of a complete set of chromosomes to each 
daughter cell. Proper attachment of MTs and kinetochores are moni-
tored by the spindle assembly checkpoint (SAC). If all kinetochores 
have established a proper and stable attachment to the spindle, the 
SAC is satisfied and thus silenced ensuring proper mitotic progres-
sion (reviewed in Prosser and Pelletier [2017]).

The main MT-organizing center in mammalian cells is the centro-
some. It inherits MT nucleation capacity and influences thereby MT-
dependent processes such as transport of organelles, cell motility, 
cell polarity, cell division, and ciliogenesis (Conduit et al., 2015). A 
functional centrosome contains two MT-based barrel-shaped centri-
oles, which are surrounded by a well-organized protein matrix called 
the pericentriolar material (PCM). The two centrioles present differ 
from one another in both structure and age. The older one of the 
two centrioles, which is known as the mother centriole, harbors dis-
tal and subdistal appendages, structures that are important for MT 
anchorage (Chretien et al., 1997; Bornens, 2002; Meraldi and Nigg, 
2002). In contrast, the younger centriole (daughter centriole) lacks 
distal and subdistal appendages. MTs nucleate from the PCM, even 
in the absence of appendages, and are anchored at the distal end 
of the mother centriole (Piel et al., 2000). The amount of PCM 
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material correlates with the MT nucleation capacity of the centro-
some. Since the PCM extends as cells prepare to enter mitosis, a 
process known as centrosome maturation, MT nucleation capacity 
increases positively influencing mitotic spindle assembly dynamics 
(Conduit et al., 2015).

Centriolar satellites were identified as electron-dense structures in 
the vicinity of centrosomes (Kubo et al., 1999). They contain proteins 
involved in the recruitment of core centriolar factors and have been 
implicated in centrosome maturation, duplication, ciliogenesis as well 
as MT organization and mitotic spindle formation (Tollenaere et al., 
2015). Centriolar satellites require an intact MT-network and a direct 
interaction with dynein/dynactin motor proteins for correct localiza-
tion and cargo delivery (Barenz et al., 2011; Tollenaere et al., 2015). 
Pericentriolar material 1 protein (PCM1) was the first identified cent-
riolar satellite component and acts a scaffold for centrosomal proteins 
for interphase MT organization (Balczon et al., 1994; Balczon et al., 
2002; Dammermann and Merdes, 2002; Kubo and Tsukita, 2003).

The mother centriole-localized centrosomal protein of 170 kDa 
(Cep170) is associated with subdistal appendages and the proximal 
ends of centrioles in interphase (Guarguaglini et al., 2005; Mazo 
et al., 2016). In mitosis, Cep170 localizes to the spindle apparatus 
and is heavily phosphorylated by Plk1 (Guarguaglini et al., 2005). 
Depletion of Cep170 affects MT cytoskeleton organization and cell 
shape in interphase and seems thereby directly involved in the regu-
lation of MT organization, assembly and stability (Guarguaglini 
et al., 2005; Welburn and Cheeseman, 2012; Dumoux et al., 2015). 
Additionally, Cep170 gets phosphorylated by and forms a complex 
with TANK binding kinase 1 (TBK1) (Pillai et al., 2015). TBK1 is nec-
essary for Cep170 centrosomal localization and disruption of TBK1/
Cep170 binding increases MT stability resulting in mitotic defects 
(Pillai et al., 2015).

In the presented study, we report the characterization of coiled-
coil domain containing 61 (Ccdc61), a protein of around 70 kDa. We 
show that Ccdc61 is a protein localizing at the centrosome. Ccdc61 
is involved in mitotic spindle assembly and chromatin alignment by 
regulating the organization of spindle MTs into a symmetrical struc-
ture. Furthermore, we show that Ccdc61 depletion affects Cep170 
maintenance on interphase and mitotic centrosomes; suggesting a 
function of Ccdc61 as a centrosomal anchorage factor for Cep170 
and thereby influencing MT organization.

RESULTS
Ccdc61 is a centrosomal protein with a satellite-like  
staining pattern
Ccdc61 was identified in proteomic approaches to define the con-
stituents of human centrosomes (Jakobsen et al., 2011; Gupta et al., 
2015; Bauer et al., 2016) implicating a so far unknown function of 
Ccdc61 at centrosomes. We initially analyzed the localization of 
overexpressed green fluorescent protein (GFP)- or FLAG-tagged 
Ccdc61 in RPE1 cells (Supplemental Figure S1A) and further studied 
the localization of the GFP-tagged mouse homolog in a stable HeLa 
cell line in immunofluorescence (IF) (Supplemental Figure S1B). 
Costaining with γ-tubulin, pericentrin, and PCM1 revealed a centro-
somal localization and a granular-like staining in close proximity to 
centrosomes (Supplemental Figure S1, A and B). The granular local-
ization pattern of Ccdc61 resembles the subcellular localization de-
scribed for centriolar satellite components (Barenz et al., 2011; Tol-
lenaere et al., 2015).

To further explore the localization of endogenous Ccdc61, we 
generated and characterized a monoclonal antibody against full-
length human Ccdc61 (Supplemental Figure S1, C and D). Endog-
enous Ccdc61 localization in interphase cells reveals, similar as the 

overexpressed protein, a granular-like staining at centrosomes and 
in their close proximity (Figure 1A and Supplemental Figures S1C 
and S2A). To further confirm the specificity of the Ccdc61 antibody 
generated, we performed small interfering RNA (siRNA)-mediated 
down-regulation experiments of Ccdc61, that resulted in a loss of 
the granular and centrosomal staining in IF (Supplemental Figure 
S1C). As we failed to detect endogenous Ccdc61 in Western blots 
using our antibody, we have quantified the amount of endogenous 
down-regulation in IF (Supplemental Figure S1C). Additionally, we 
were able to enrich endogenous Ccdc61 after immunoprecipitation 
from cell lysates and also detect Ccdc61 overexpression with our 
antibody supporting the specificity (Supplemental Figure S1D).

In interphase U2OS, RPE1, and HeLa cells endogenous Ccdc61 
partially colocalizes with pericentrin and the centrosomal satellite 
component PCM1 (Figure 1, A and B, and Supplemental Figure 
S2A). However, endogenous Ccdc61 seems to be significantly re-
leased into the cytoplasm during mitosis, since Ccdc61 is almost 
completely lost from its centrosomal/scattered localization in mitotic 
U2OS, RPE1 and HeLa cells (Figure 1, A and C, and Supplemental 
Figure S2A). This observation shows strong similarities with previous 
centriolar satellite studies, showing that these structures gradually 
dissolve when cells enter mitosis (Kubo and Tsukita, 2003). The 
gradual loss of endogenous Ccdc61 from the vicinity of centrioles 
during mitosis was further analyzed in thymidine blocked and re-
leased HeLa cells (Figure 1D). Endogenous Ccdc61 is dispersed 
from these centrosomal/satellite-like structures with the onset of 
centrosome separation in early G2 and is almost completely re-
leased into the cytoplasm or degraded during mitosis (Figure 1D). In 
contrast to the endogenous protein, overexpressed Ccdc61 main-
tains its localization in mitosis in close proximity to the centrosome 
(Supplemental Figure S1B).

To test whether Ccdc61 requires an intact MT network for correct 
localization, we depolymerized MTs in RPE1 and U2OS cells by no-
codazole-treatment and monitored the localization pattern of 
Ccdc61 (Figure 1E and Supplemental Figure S2B). Interestingly, 
Ccdc61 interphase localization changes significantly after MT depo-
lymerization (Figure 1E and Supplemental Figure S2B), whereby 
Ccdc61 granules loose their close localization to the centrosomes. 
However, 5 min after MT regrowth, the Ccdc61 signal increased 
again at the centrosomes (Figure 1E). This MT-dependent localiza-
tion pattern observed for Ccdc61 has previously been characterized 
for centriolar satellite components (Tollenaere et al., 2015).

Both the structure of centriolar satellites and the localization of 
satellite proteins depends on the presence of the core satellite 
protein PCM1 that forms a structural platform for satellites (Stowe 
et al., 2012). Since Ccdc61 exhibit significant similarities with satel-
lite proteins regarding its localization pattern and MT dependency, 
we analyzed whether Ccdc61 localization also depends on the pres-
ence of PCM1. To our surprise, the localization of Ccdc61 did not 
change on PCM1 depletion by RNA-interference suggesting that 
the satellite-like staining pattern of Ccdc61 was not dependent on 
PCM1 (Supplemental Figure S2C). Therefore, Ccdc61, despite its 
scattered localization around centrosomes, does not seem to be a 
bona fide centriolar satellite component. As this was an interesting 
observation, we decided to further investigate its direct function.

Ccdc61 promotes correct chromatin alignment and 
spindle assembly
Next, we addressed the possible impact of Ccdc61 on the forma-
tion of the mitotic spindle. Therefore, we performed live cell imag-
ing with U2OS cells stably expressing fluorescently labeled histone 
2B (H2B) and α-tubulin that synchronously proceeded through 
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FIGURE 1: Ccdc61 localizes MT-dependent at centrosomes and in their close proximity. (A) Costaining of endogenous 
Ccdc61 (green) with pericentrin or PCM1 (red) in U2OS and RPE1 cells. Chromatin is visualized by Hoechst33258 
staining (blue). Magnified panels (magn.) show enlarged views of the boxed regions. Bar, 10 µm. (B) Graph shows the 
percentage of colocalization of endogenous Ccdc61 with either PCM1 or pericentrin in U2OS cells. Therefore, signals of 
PCM1 or pericentrin were used as a mask to measure the corresponding Ccdc61 signal intensity. n = 100 cells for each 
colocalization. Data represent mean value ± SD. (C) Endogenous Ccdc61 signal was quantified in a 3-µm2 circle around 
the centrosome in interphase or mitotic U2OS cells. Interphase Ccdc61 signal was normalized to 1.0. Interphase n = 54, 
mitosis = 40 centrosomes. Data represent mean value ± SD. (D) HeLa cells were released from a thymidine block and 
samples taken at indicated time points to localize endogenous Ccdc61 (green) at centrosomes by costaining pericentrin 
(red). Bar, 4 µm. (E) RPE1 cells were subjected to nocodazole (noco) to depolymerize MTs. After nocodazole washout, 
cells were fixed at the indicated time points and stained with antibodies directed against Ccdc61 (green), PCM1 (red), 
and γ-tubulin (gray). Magnified panels (magn.) show enlarged views of the boxed areas. Bar, 10 µm. Quantification 
shows normalized mean intensity of Ccdc61 in a 3-µm2 circle around the centrosome. The intensity was normalized to 
the nocodazole-untreated sample (ct: control). Data represent mean ± SD. from three independent experiments, 
n > 69 cells. ****p < 0.0001 (unpaired Student’s t test).
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mitosis. The cells were treated with control (ct) or Ccdc61 siRNA 
Oligo2 (O2), or with a combination of Ccdc61 siRNA Oligo2 and the 
siRNA-resistant Ccdc61 construct (O2R). We first analyzed the tim-
ing of cells going through mitosis, starting from nuclear envelope 
breakdown (judged by the state of chromosome condensation) until 
reaching telophase (Figure 2A). Data analysis identified a significant 
delay in mitotic progression after loss of Ccdc61, that could also 
been rescued in the presence of the siRNA-resistant construct 
(Figure 2A, Supplemental Figure S3A, and Supplemental Movies 

1–6). The overall mitotic duration increased significantly from ap-
proximately 58 min in control-treated cells to 77 min in Ccdc61 
depleted cells (Figure 2A). A similar increase in mitotic timing was 
observed in HeLa mCherry-H2B α-tubulin–monomeric enhanced 
GFP (mEGFP) cells, treated with control, Oligo1, or Oligo2 siRNA 
(Supplemental Figure S3B). Further quantification of mitosis re-
vealed that the increased mitotic duration was caused by a signifi-
cant prolonged metaphase-to-anaphase transition (from approx. 26 
min in control siRNA-treated cells to 39 min in Ccdc61-depeted 

FIGURE 2: Ccdc61 is required for proper timing of mitosis, chromatin alignment and spindle asembly. (A) U2OS cells 
stably expressing tagged α-tubulin (green) and H2B (red) were imaged every 5 min for 15–19 h 72 h after siRNA 
transfection (ct: control; O2: Oligo2; O2R: Oligo2 + FLAG-Ccdc61 siRNA-resistant). Representative images from the 
movies were cropped out from the original time series (time in min). Bar, 10 µm. Quantification of the indicated 
treatments show the mitotic duration from nuclear envelope breakdown (start of chromosome condensation and 
movement of centrosomes) until telophase (decondensation of chromosomes) (top panel) and duration from 
bipolar spindle formation to anaphase (bottom panel). Data represent mean ± SD from four independent experiments, 
n > 167 cells. ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001 (unpaired Student’s t test). (B) IF analysis of mitotic 
figures in U2OS cells indicated treatments. Mitotic spindles and centrosomes are visualized by antibody staining 
directed against α-tubulin (green) and pericentrin (red), costained with Hoechst33258 (DNA; blue). Bar, 10 µm. (C) U2OS 
cells stably expressing tagged α-tubulin and H2B were imaged every 5 min for 15–19 h 72 h after indicated siRNA 
transfection. Quantification shows the analyzed spindle assembly defects and chromatin alignment defect. Spindle 
assembly defects include various problems of the cell to assemble a properly formed spindle (including, e.g., multipolar 
spindle but also bipolar spindles struggling to align DNA as indicated in Figure 2, A and B, for O2 treatment). Chromatin 
alignment defects include disturbed formation of a properly arranged metaphase plate, e.g., lagging chromosomes. 
Data represent mean ± SD from three independent experiments, n > 76 cells. ns: not significant, *p < 0.05, ***p < 0.001 
(paired Student’s t test).
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cells; Figure 2A), probably induced by an activated SAC, as shown 
by Mad2 staining (Supplemental Figure S3C).

To learn whether spindle formation failure may cause the delay in 
mitosis, we performed IF analysis of the mitotic spindle via staining 
with α-tubulin and pericentrin and observed, that the bipolarity 
of the formed spindle was not impaired (Figure 2B). However, the 
cells seem to have difficulties to establish a proper spindle-
chromosome connection. Additionally, staining with CREST to visu-
alize kinetochores and α-tubulin for MTs indicated that fewer MTs 
are properly attached to kinetochores upon depletion of Ccdc61 
(Supplemental Figure S3D). To further analyze this hypothesis, we 
investigated spindle formation by analyzing spindle assembly and 
chromatin alignment in live cell imaging of H2B- and α-tubulin 
labeled U2OS cells. Quantifications revealed in fact a significant 
defect of mitotic spindle assembly and chromatin alignment after 
loss of Ccdc61 (Figure 2C). To confirm the specificity of the Ccdc61 
depletion, rescue experiments were performed by overexpression 
of a siRNA-resistant version of Ccdc61 that successfully reverted the 
observed spindle assembly and chromatin alignment defects (Figure 
2, B and C, and Supplemental Figure S3, C and D). Collectively, 
these results indicate that Ccdc61 influences the correct organiza-
tion of spindle MTs and chromatin alignment affecting mitotic pro-
gression and correct chromosome segregation.

Ccdc61 promotes MT nucleation and the intrinsic symmetry 
of MTs in mitotic spindles
To evaluate the function of Ccdc61 in spindle formation and MT 
organization in more detail, we performed MT regrowth assays in 
U2OS cells that were exposed to nocodazole and then released 
from the block (Figure 3A) in cells treated with ct, O2 or O2R. We 
analyzed MT aster formation at an early time point and found that 
MTs were detectable 1 min after release in control cells but greatly 
reduced in Ccdc61 siRNA-treated cells (Figure 3A). After 4 min of 
MT regrowth, MT asters were fully assembled in control cells 
whereas the size of MT aster showed a clear reduction after loss of 
Ccdc61. Expressing a siRNA-resistant construct of Ccdc61 could 
rescue the loss of Ccdc61 (Figure 3A). Additionally, we studied MT 
organization in mitotic HeLa cells. For this, we used a miRNA tet-on 
HeLa cell line expressing Ccdc61, Oligo2, and GFP as a control on 
doxycycline induction (Figure 3B). Although MTs regrew in control 
cells and formed a spindle within 10 min, only inefficient MT growth 
and spindle formation was observed in Ccdc61 depleted cells 
(Figure 3B). Together, these data indicate that Ccdc61 is rate-limiting 
for efficient MT nucleation and organization in mitosis; explaining 
the initially observed chromatin alignment and mitotic spindle as-
sembly defects.

To quantitatively analyze the role of Ccdc61 in MT behavior and 
dynamics in mitosis, we imaged HeLa cells expressing EGFP–end-
binding protein 3 (EB3) over time after the different siRNA treat-
ments (ct, O2, O2R) and performed automated image analysis of 
MT plus ends (Applegate et al., 2011). Compared to previous stud-
ies (Sironi et al., 2011; Chinen et al., 2015), we acquired image series 
at faster frame rates (0.13 s) over a longer period of time in order to 
ensure reliable tracking information for a larger time contingent 
(Jafarpour and Lorenz, 2017). Interestingly, time projections of im-
age series (Figure 4A) demonstrate variations in the symmetry and 
the directionality of MT growth paths in the differently treated cells. 
However, we found that key parameters of MT dynamics, including 
track velocity, duration, and displacement, were only slightly differ-
ent after Ccdc61 down-regulation (Figure 4B).

Since Ccdc61 appeared to be important for efficient MT nucle-
ation and organization (Figures 2 and 3), we decided to further 

explore MT behavior. To quantify the MT growth with comparable 
and conclusive indices, we developed a novel software tool, which 
enabled us to automatically measure geometrical MT features within 
spindles. By identifying preferred directions in MT growth among all 
tracks of a spindle, the software reduced each time-lapse image 
series to two indices of “directionality” and “asymmetry” (Figure 
4C, Supplemental Figure S4, A–C, and Materials and Methods). 
Both indices function as descriptors of MT morphology. Exemplified 
by a normal bipolar spindle, the directionality is maximized (ordered) 
in meta-/anaphase, since the route of growing MTs is narrowed 
toward chromosomes. At the same time, the asymmetry index is 
minimized reflecting maximum MT symmetry. In earlier (prophase 
and prometaphase) or later (telophase) phases of mitosis, the 
growth of MT is less ordered (i.e., directional), and thus the direc-
tionality index is reduced (Figure 4C).

Analyzing the imaging data with the new software revealed that 
Ccdc61 directly influences the intrinsic symmetry of the MT tracks 
within the spindle, independent of track size and position (Figure 4, 
A and C). The asymmetry index was highest for cells depleted of 
Ccdc61 compared with the control. Furthermore, the significant de-
crease in spindle symmetry was rescuable by overexpression of a 
siRNA-resistant Ccdc61 construct, supporting the specificity of 
these findings (Figure 4C). Loss of spindle symmetry through less 
ordered growing MTs might affect the correct attachment of spindle 
MTs to chromatin in metaphase plates. Taken together these data 
indicate that the disorganization of spindle MTs cause the observed 
defects in spindle assembly and chromatin alignment (Figure 2) 
upon cellular depletion of Ccdc61.

Ccdc61 regulates the centrosomal anchorage of the MT 
binding protein Cep170
The depletion of single centriolar satellite components has very dif-
ferent consequences on the correct function of the satellite complex 
itself (Klinger et al., 2014). It affects, however, the correct localization 
or anchorage of single centrosomal factors, thereby affecting matu-
ration, MT anchorage or mitotic spindle assembly. Since Ccdc61 
may have similar functions as centriolar satellite proteins, we tested 
whether the observed defects for Ccdc61 depletion are a conse-
quence of the mislocalization of a distinct subset of centrosomal or 
centriolar satellite components. To identify possible candidates in 
close vicinity to Ccdc61 or interacting with Ccdc61, we applied the 
proximity-dependent biotin identification (BioID) method followed 
by mass spectrometry (Supplemental Figure S5) (Roux et al., 2012). 
Because BioID does not require preservation of endogenous 
protein–protein interactions for their identification, cell lysis can be 
performed under denaturing conditions, allowing the detection of 
poorly soluble candidates, such as centrosome-associated proteins 
(Roux et al., 2012; Firat-Karalar and Stearns, 2015; Yeh et al., 2015). 
FLAG-Ccdc61-BirA* expression was induced with the addition of 
doxycycline in HEK293T cells and localized, as expected, in the vi-
cinity of the centrosome (Supplemental Figure S5A). FLAG-Ccdc61-
BirA* was expressed in the absence of biotin as a control (ct) and in 
the presence of biotin in G1/S (thymidine addition) or mitosis (no-
codazole addition) arrested cells (Supplemental Figure S5B). We 
identified centrosomal and MT binding proteins, which associate 
with the mitotic spindle, including the centriolar satellite compo-
nents PCM1 and Cep290 and the centriolar protein Cep170 
(Supplemental Figure S5, C and D).

Interestingly, Cep170 was previously shown to regulate MT an-
choring to the centrosome and thus directly influences MT assem-
bly, organization and stability (Guarguaglini et al., 2005; Welburn 
and Cheeseman, 2012; Dumoux et al., 2015). To further validate the 
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FIGURE 3: Ccdc61 promotes MT nucleation. (A) U2OS cells were treated as indicated and subjected to nocodazole 
(noco) for 2 h to depolymerize MTs. After nocodazole washout, cells were harvested at the indicated time points and 
stained with antibodies directed against α-tubulin (green) and pericentrin (red). DNA was costained with Hoechst33258 
(blue). Cells without nocodazole exposure were used as a control (ct). Bar, 10 µm. Quantification indicates the MT aster 
size formation 4 min after nocodazole release compared with the control (without nocodazole treatment) (normalized to 
1.0). Data represent mean ± SD from three independent experiments, n > 80 cells. ****p < 0.0001 (unpaired Student’s t 
test). (B) HeLa S/A Ccdc61 miRNA Oligo2 tet on cells were used to perform a MT regrowth assay. α-tubulin was used to 
visualize mitotic spindles (green), pericentrin (red) used to stain the centrosomes, and Hoechst33258 to stain DNA 
(blue). Ccdc61 miRNA O2 expression was induced by the addition of 1 µg/ml doxycycline for 72 h (+Dox) prior cold 
treatment. For MT depolymerization cells with or without Dox addition were incubated at 4°C for 45 min, and then 
reincubated at 37°C for the indicated time points. Bar, 10 µm. Twenty mitotic cells from each situation (–Dox vs. +Dox) 
were visually inspected for correct spindle reassembly and MT regrowth at the indicated time points. Western blot 
shows the efficiency of indicated Ccdc61 miRNA that was tested by its ability to deplete transiently transfected 
FLAG-Ccdc61. α-tubulin served as a loading control and GFP as expression control of the miRNA construct.
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FIGURE 4: MT EB3-tracking measurements reveal a significant decrease in spindle symmetry in 
the absence of Ccdc61. (A–C) HeLa cells stably expressing EGFP-EB3 were used for EB3-
tracking experiments. Cells were either treated with control (ct), Ccdc61 O2 siRNA (O2), or a 
combination of Ccdc61 O2 siRNA together with FLAG-Ccdc61 siRNA-resistant construct (O2R). 
To study mitotic properties, like directionality and orientation, the individual EB3 tips were 
imaged every 0.13 s and analyzed via an automated process. (A) Example images of a single 
time frame (top row) and a time projection from 125 s recordings (bottom row) of HeLa cells 
treated as indicated. Western blot shows the efficiency of indicated Ccdc61 Oligo that was 
tested by its ability to deplete transiently transfected FLAG-Ccdc61 or siRNA-resistant 
FLAG-Ccdc61 (O2R). α-tubulin served as a loading control. (B) EGFP-EB3 tracks from HeLa cells 
were analyzed as described in the Materials and Methods section and as published in the 
preprint (Jafarpour and Lorenz, 2017). The table represents velocity (µm/min), displacement 
(µm), duration (s) (mean ± SD.) and the total number of analyzed tracks (of 10 independent cells). 
The significance was calculated for the three conditions by a one-way ANOVA, and the alpha 
value at which there was no significant difference (n.s.d.) within the group as well as the p value 

interaction of Ccdc61 with Cep170, we ex-
pressed GFP- or FLAG-tagged Ccdc61 in 
HEK293T cells followed by immunoprecipi-
tation with FLAG or GFP antibodies. In both 
cases, we found endogenous Cep170 co-
precipitating with Ccdc61 (Figure 5A). To 
map the interaction between the two pro-
teins in more detail, we used truncated 
Cep170 fragments (Figure 5B) (Guarguaglini 
et al., 2005). Coexpression of full-length 
FLAG-Ccdc61 with GFP-Cep170 fragments 
in HEK293T cells followed by immunopre-
cipitation using antibodies against the GFP-
tag showed that Ccdc61 interacted stron-
gest with the Cep170 CII-terminal fragment 
1015–1460 (Figure 5C). Interestingly, this 
fragment harbors both centrosomal and MT 
binding sites of Cep170 (Guarguaglini et al., 
2005). We additionally observed a colocal-
ization of Ccdc61 and Cep170 at centro-
somes in interphase U2OS and RPE1 cells 
(Figure 5D, left panel).

Cep170 localizes to subdistal append-
ages (Guarguaglini et al., 2005) and to the 
proximal ends of both centrioles, similar as 
it was shown for ninein (Bouckson-Castaing 
et al., 1996; Mazo et al., 2016). As Ccdc61 
colocalizes with Cep170 (Figure 5D, left 
panel), we analyzed in more detail the 
localization of Ccdc61 at the centrioles. We 
performed costaining with the subdistal 
appendage compounds ninein, ODF-2 and 
the proximal centriolar protein C-Nap1. 
While ninein is localized to the subdistal 
appendages of mother centrioles and pro-
ximal ends of both centrioles, ODF-2 was 
reported to be localized at both distal and 
subdistal appendages (Nakagawa et al., 
2001; Ishikawa et al., 2005). We observed 
only a weak colocalization with ODF-2 (Sup-
plemental Figure S6A) and a more clear co-
localization of Ccdc61 with ninein (right 
panel in Figure 5D) and the proximal cent-
riolar marker C-Nap1 (Supplemental Figure 
S6B). From these data, we anticipate that 

is provided. (C) Shown are the results of 
calculated asymmetry and directionality 
indices of the indicated treated HeLa cells 
with 10 image series per group based on the 
histogram of calculated orientations 
(Supplemental Figure S4, B and C). Each 
mitosis event is characterized with two 
figures of merit, resulting in a single point. 
The y-axis represents the degree of 
asymmetry, whereby a low value indicates a 
symmetric direction of MT growth (low 
asymmetry) and a high value indicates an 
asymmetric direction of MT growth (reduced 
symmetry). The horizontal axis represents the 
directionality of MT growth, indicating 
different levels of point symmetry in MT 
growth paths.
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FIGURE 5: Ccdc61 binds to and colocalizes with Cep170. (A) Immunoprecipitation (IP) experiments using HEK293T 
cells expressing GFP-Ccdc61 or FLAG-Ccdc61 as bait. Western blot analysis shows total cell extract (TCL) as input 
control and corresponding GFP- and FLAG-IP fraction. GFP or FLAG antibody was used to visualize the 
overexpressed Ccdc61 and Cep170 antibody (mouse and rabbit) was used for detection of endogenous Cep170. 
(B) Schematic representation of Cep170 full length (FL) and Cep170 fragments: Cep170 missing the FHA domain 
(ΔFHA), Cep170 N-terminus (N), Cep170 C-terminus, Cep170 first half of C-terminus (CI) and Cep170 second half of 
C-terminus (CII) (Guarguaglini et al., 2005). (C) GFP-IP using HEK293T cells expressing GFP-Cep170 fragments as bait 
and FLAG-Ccdc61. Western blot shows TCL as input control and GFP-IP fraction. GFP antibody was used to visualize 
overexpressed Cep170 and FLAG antibody to visualize overexpressed Ccdc61. (D) Costaining of Ccdc61 (green) 
together with either (left) Cep170 or (right) ninein (both in red) antibodies in interphase U2OS and RPE1 cells. 
Chromatin was visualized by costaining with Hoechst33258 (blue). Magnified panels (magn.) show enlarged views of 
the boxed areas. Bar, 10 µm.
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Ccdc61 might also localize to the outer ring of subdistal append-
ages and the proximal end of centrioles, thereby resembling the 
localization pattern of Cep170 and ninein (Ishikawa et al., 2005).

We anticipated that the observed MT defects after Ccdc61 
depletion may be caused by mislocalization or deregulation of 
Cep170. To investigate this hypothesis, we performed Ccdc61 
knockdown experiments in HeLa and U2OS cells and analyzed the 
localization of Cep170. Interestingly, Ccdc61 loss disturbed the 
anchorage or maintenance of Cep170 on centrosomes, leading to 
a significantly reduction of Cep170 at the centrosomes in inter-
phase and mitotic cells (Figure 6, A–C, and Supplemental Figure 
S6, C–F). Cep170 can be efficiently reloaded by overexpression of 
a siRNA-resistant version of Ccdc61 (Figure 6, A–C); confirming 
the involvement of Ccdc61 in this process. Interestingly, similar 
effects were observed for the centriolar satellite protein PCM1. 
Depletion of Ccdc61 led to a significant reduction of its satellite 
localization, that could also been rescued after the overexpression 
of the siRNA-resistant Ccdc61 (Figure 6, D and E, and Supplemen-
tal Figure S7A). The localization of the satellite protein Cep290 
depends on PCM1 (Kim et al., 2008). Thus, as expected, the satel-
lite localization of Cep290 was also significantly reduced after loss 
of Ccdc61 (Figure 6F and Supplemental Figure S7, B–D). These 
results show, that localization of Cep170 and PCM1 depends on 
the centrosomal protein Ccdc61.

In a next step, we analyzed whether the spindle phenotypes ob-
served after ablation of Ccdc61 depend on Cep170 (Figure 2C). 
Therefore, we performed siRNA-mediated down-regulation experi-
ments of Cep170 alone or in combination with Ccdc61. Analysis of 
chromatin alignment in live cell experiments reveal that loss of 
either Cep170 or Cep170 together with Ccdc61 lead to a similar 
phenotype as ablation of Ccdc61 alone, resulting in a high number 
of cells showing chromatin alignment defects (Figure 6G and Supple-
mental Figure S7E). To further confirm the Cep170 dependency of 
Ccdc61, we analyzed whether overexpression of Cep170 could res-
cue chromatin alignment defects. Indeed, simultaneous down-regu-
lation of Ccdc61 together with overexpression of GFP-Cep170 could 
partially rescue chromatin alignment defects (Figure 6G). Surprisingly, 
mitotic spindle assembly was not altered after siRNA-mediated 
down-regulation of Cep170 (Figure 6G). Altogether, our findings 
suggest that chromatin alignment seems to depend on both Ccdc61 
and its downstream interaction partner Cep170, whereas proper mi-
totic spindle alignment might only require Ccdc61 function.

Ccdc61 promotes the complex formation of Cep170 and 
TBK1 that is required for MT stability
On the basis of the observed perturbation of the cellular distribution 
of Cep170 after depletion of Ccdc61, we were wondering how 
Ccdc61 maintains the centrosomal localization of Cep170. To ad-
dress the possibility that Ccdc61 recruits Cep170 to its centrosomal 
localization, we performed fluorescence recovery after photobleach-
ing (FRAP). We transiently expressed GFP-Cep170 in control or 
Ccdc61 siRNA-treated HeLa cells and analyzed the dynamic and mo-
bility rate of GFP-Cep170. The Cep170 centrosomal recovery after 
photobleaching in unperturbed and Ccdc61 siRNA-treated cells was 
almost equal in all tested conditions (Supplemental Figure S7F), indi-
cating that the centrosomal mobility and the recruitment of Cep170 
are independent of Ccdc61. This observation further supports a role 
of Ccdc61 as an anchorage factor for the stability of Cep170.

Previous findings revealed that Cep170 and TBK1 form a complex 
and that the interaction between both proteins is important for proper 
MT stability, mitotic spindle formation and mitosis (Pillai et al., 2015). 
The fact that TBK1 phosphorylates Cep170 and is essential for 

Cep170 centrosomal localization may point to a functional interplay 
among Ccdc61, Cep170, and TBK1. Interestingly, TBK1 also ap-
peared in the Ccdc61 BioID approach, indicating its presence in close 
proximity to Ccdc61 (Supplemental Figure S5D). Although we were 
unable to detect a direct interaction between Ccdc61 and TBK1 in 
coimmunoprecipitation experiments, we observed a clear colocaliza-
tion between the two proteins at the centrosome (Figure 7A). As 
Ccdc61 binds to Cep170 (Figure 5, A and C), we investigated whether 
complex formation between Cep170 and TBK1 could be impaired on 
Ccdc61 depletion. In fact, we found that the Cep170-TBK1 binding 
was markedly decreased when Ccdc61 was down-regulated (Figure 
7B). As binding and phosphorylation of Cep170 by TBK1 is required 
for the centrosomal localization of Cep170, our data suggest that 
Ccdc61 plays an import role as a mediator of this interaction.

DISCUSSION
Here, we demonstrated that the so far uncharacterized centrosomal 
protein Ccdc61 affects mitosis, including MT organization, spindle 
assembly, chromatin alignment and spindle symmetry (Figures 2–4). 
Resulting defects on the mitotic spindle after ablation of Ccdc61 
thereby lead to a significant delay in mitotic progression (Figure 2A).

A BioID approach for proteins identified in close proximity to 
Ccdc61, including PCM1, Cep290, Cep170, and TBK1, is known 
to be directly involved in MT anchoring and organization as well as 
in ciliogenesis and mitosis (Supplemental Figure S5) (Guarguaglini 
et al., 2005; Pillai et al., 2015; Hori and Toda, 2017). These proteins 
identified as novel complex components with Ccdc61 well explain 
the functional role of Ccdc61 in mitotic progression and MT 
organization.

Centriolar satellite proteins have an important mitotic function in 
spindle pole assembly, MT anchorage and chromatin alignment 
(Tollenaere et al., 2015). These include Cep72, Cep90, hMsd1/
SSX2IP, and WDR8. Cep72 and Cep90 are required for maintaining 
spindle pole stability and chromosome alignment during meta-
phase through the recruitment of Kizuna and γ-tubulin (Oshimori 
et al., 2009; Kim and Rhee, 2011; Kim et al., 2012; Luddecke et al., 
2016). hMsd1/SSX2IP together with its interaction partner WDR8, 
were shown to function in the correct anchorage of MTs to the cen-
trosome. Also, the knockdown of WDR8 or hMsd1/SSX2IP displayed 
very similar mitotic defects, in which spindle MTs became shortened 
and misoriented (Barenz et al., 2013; Hori et al., 2014, 2015a,b). For 
these satellites structures, PCM1 is thought to function as a scaffold 
for other proteins to reside within the satellites. Consequently, 
depletion of PCM1 results in a disassembly of satellite structures 
(reviewed in [Hori and Toda, 2017]). Although Ccdc61 exhibits a 
satellite-like, dispersed staining pattern around centrosomes and 
also partially colocalizes with PCM1, we found that PCM1-depletion 
does not lead to disassembly of Ccdc61 staining around centro-
somes (Figure 1 and Supplemental Figure S2C). Ccdc61 might 
therefore not be a bona fide centriolar satellite protein. However, it 
could still be that PCM1 influences Ccdc61 integrity or interacts with 
Ccdc61 in a cell cycle–dependent manner, since both protein 
change their localization throughout the cell cycle (Figure 1) (Hori 
et al., 2014). Interestingly, our findings (Figure 6, D and E, and Sup-
plemental Figure S7A) implicate that the localization of PCM1 at 
centrosomes is dependent on Ccdc61. Thus, it is conceivable 
that Ccdc61 might regulate satellite function through PCM1 and 
might therefore also transiently localize to satellites.

Cep290 is a centriolar satellite component that apart from its func-
tion in ciliogenesis is also involved in mitotic progression and spindle 
positioning (Song et al., 2015). Interestingly, Ccdc61 depletion affects 
the correct loading of Cep290 on mitotic centrosomes (Figure 6F and 
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FIGURE 6: Ccdc61 regulates the centrosomal anchorage of the MT binding protein Cep170. (A) U2OS cells were 
transfected with the indicated siRNAs or siRNA/plasmid combinations and the localization of Cep170 analyzed. 
Representative images show staining with Cep170 (green) and γ-tubulin (red); DNA was costained with Hoechst33258 
(blue). Scattered dot plot shows the Cep170 intensity quantified in a 25-µm2 circle around the centrosome normalized to 
the control (ct). Data represent mean ± SD from three independent experiments, n > 77 cells. ****p < 0.0001 (unpaired 
Student’s t test). (B) Centrosomal localization of Cep170 in interphase U2OS cells after indicated treatments was 
determined by visual inspection of 120–150 cells per treatment and experiment. Data represent mean ± SD from three 
independent experiments, ***p < 0.001 (unpaired Student’s t test). (C) Mitotic U2OS cells were transfected with the 
indicated siRNAs or siRNA/plasmid combinations. γ-tubulin was used to visualize mitotic centrosomes (green), Cep170 
visualized in red, and DNA in blue (Hoechst33258). Magnified panels (magn.) show enlarged views of the boxed regions. 
Bar, 10 µm. (D, E) U2OS cells were transfected with the indicated siRNAs or siRNA/plasmid combinations and the PCM1 
localization analyzed. IF images in D show staining with PCM1 (green) and γ-tubulin (red); costaining of the DNA with 
Hoechst33258 (blue). Bar, 10 µm. Scattered dot plot in E shows the PCM1 intensity quantified in a 25-µm2 circle around 
the centrosome normalized to the ct. Data represent mean ± SD from three independent experiments, n > 92 cells. 
****p < 0.0001 (unpaired Student’s t test). (F) U2OS cells were transfected with the indicated siRNAs or siRNA/plasmid 
combinations and the Cep290 levels around the centrosome (25-µm2 circle) quantified. Control (ct)-treated cells were 
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FIGURE 7: Ccdc61 promotes the complex formation of Cep170 with TBK1. (A) IF analysis of 
U2OS and RPE1 cells in interphase. Images show endogenous localization of Ccdc61 (green) and 
phospho-TBK1 (pTBK1) in red visualized with specific antibodies. Chromatin was visualized by 
Hoechst33258 staining (blue). Bar, 10 µm. (B) Endogenous immunoprecipitation experiment 
using HeLa S/A Ccdc61 miRNA Oligo2 tet on cells. Cells were either untreated (–) or Ccdc61 
miRNA O2 expression was induced via incubation with 1 µg/ml doxycycline for 72 h (+). 
Immunoprecipitation was performed using normal mouse IgG or mouse anti-Cep170 antibody 
coupled to ProteinG beads. Western blot shows TCL as input control and IP fractions. Mouse 
anti-Cep170 antibody was used to visualize endogenous Cep170 and anti-TBK1 antibody was 
used for detection of endogenous TBK1. Quantification shows the normalized ratio of TBK1/
Cep170 intensity. Data represent mean ± SD from three independent experiments, *p < 0.05 
(unpaired Student’s t test).

normalized to 1.0. Data represent mean ± SD from three independent experiments, n > 72 cells. ****p < 0.0001 
(unpaired Student’s t test). Representative images are in Supplemental Figure S7B. (G) U2OS cells stably expressing 
tagged α-tubulin and H2B were imaged every 5 min for 15–19 h 72 h after transfection of ct, O2, Cep170 siRNAs, a 
combination of O2 and Cep170 siRNAs (Cep170 + O2) or a combination of GFP-Cep170 together O2 (GFP-Ccdc61 + 
O2). Quantification shows the analyzed spindle assembly defects and chromatin alignment defect. Spindle assembly 
defects include various problems of the cell to assembly a properly formed spindle (including, e.g., multipolar spindle 
but also bipolar spindles struggling to align DNA as indicated in Figure 2, A and B, for O2 treatment). Chromatin 
alignment defects include disturbed formation of a properly arranged metaphase plate, e.g. lagging chromosomes. 
Data represent mean ± SD from three independent experiments, n > 135 cells. ns: not significant; *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001 (unpaired Student’s t test).

Supplemental Figure S7, B–D). The proper localization of single cen-
triolar satellite components is very often necessary for the correct 
localization of other satellite factors (Tollenaere et al., 2015). This 
interdependence seems to be true for Ccdc61 and Cep290.

Cep170 itself is partially associated with subdistal appendages 
(Guarguaglini et al., 2005) and our data indicated that Ccdc61 colo-
calizes to Cep170 in the vicinity of these structures (Figure 5D and 
Supplemental Figure S6A). Although proteins located at the subdis-
tal appendage have been implicated in various processes, subdistal 
appendages seem to be important sites for MT anchoring (Bornens, 
2002). Therefore, it is plausible that Cep170 and Ccdc61 work in 
concert to control MT anchoring to centriolar appendages, which in 
turn contributes to the correct organization of the MT network within 
the cell. Cep170 is additionally necessary to target Kif2b to the mi-
totic spindle and can thereby impart its MT binding activity to Kif2b 
and Kifc3 locating these kinesins to the mitotic spindle (Welburn 
and Cheeseman, 2012). Additionally, it was shown that Cep170 

forms a complex with TBK1, which is also 
required for Cep170 interplay with Kif2b 
and that loss of TBK1 alters MT stability and 
inhibits mitosis (Pillai et al., 2015). Since 
Ccdc61 alters complex formation of Cep170 
and TBK1, it could well be that Ccdc61 is 
another player in this complex regulation. 
Thus, Ccdc61 might stimulate mitotic pro-
cesses and MT organization via Cep170/
TBK1 and might also indirectly impair the 
correct MT targeting of Kif2b.

In summary, we have discovered Ccdc61 
as novel protein regulating centriolar satel-
lite components with a critical function in 
mitotic MT organization and mitotic pro-
gression through the correct centrosomal 
maintenance of Cep170.

MATERIAL AND METHODS
Cell culture, generation of stable 
Ccdc61 expressing cell line, generation 
of a stable tet-on Ccdc61 miRNA cell 
line, transfection of plasmids, or 
siRNAs and rescue experiments
HeLa (ATCC CCL-2), HeLa S/A (O. Gruss, 
University of Bonn, Germany), U2OS (ATCC 
HTB-96), HeLa α-tubulin–mEGFP mCherry-
H2B (D. Gerlich, IMBA, Austria), U2OS 
H2B-GFP α-tubulin–mCherry (S. Geley, 
Innsbruck Medical University, Austria), 
HEK293T (ACC 635; DSMZ, Braunschweig, 
Germany), HEK293T Flp-In-T-Rex (M. Lem-
berg, ZMBH, Heidelberg, Germany), HeLa-
TDS-mouse Ccdc61 (mCcdc61)-LAP (A. 

Hyman, MPI, Dresden, Germany) cells were grown in high-glucose 
DMEM (Life Technologies) and hTERT-RPE1 cells (RPE1; ATCC, 
CRL-4000) in DMEM/F12 (50:50, Life Technologies), supplemented 
with 10% fetal bovine serum (FBS) (Sigma-Aldrich) and 1 mM l-
glutamine (Sigma-Aldrich). HeLa S/A cells stably expressing 
Ccdc61 miRNA Oligo2 under the control of a tetracycline induc-
ible promoter were generated. The expression of the miRNA was 
induced by the addition of 1 µg/ml doxycycline. HEK293T Flp-In 
T-Rex FLAG-Ccdc61 (rescue)-BirA* was generated according to 
the manufacturer’s instructions (Life Technologies) and expression 
induced by addition of 1 µg/ml doxycycline. Cell lines were peri-
odically tested for contaminations and cell line authenticated by 
Multiplexion, Heidelberg, Germany.

Transfections were performed with Lipofectamine 2000 or Lipo-
fectamine RNAiMax (Life Technologies), using 1–3 µg of plasmid 
and/or 20–40 nM siRNA to transfect six-well plates according to the 
manufacturer’s recommendations. To perform immunoprecipitation 
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experiments, HEK293T cells were transfected with polyethylenimine 
(Polysciences) at a final concentration of 5 µg/ml using 25 µg plasmid 
DNA per 15 cm2 dish (2 × 107 cells). Cells were synchronized at the 
G1/S boundary using a thymidine block. Cells were thereby arrested 
by the addition of 2–3 mM thymidine (Sigma-Aldrich) for 19–24 h 
and afterward released by five washes with phosphate-buffered sa-
line (PBS). For rescue experiments, Ccdc61 siRNA Oligo2 resistant 
was transiently transfected into U2OS or HeLa cells either at the 
same time as the siRNA or 48 h after siRNA transfection and ex-
pressed for 24–72 h. After 72 h, cells were fixed and processed for IF 
analysis. To depolymerize MTs, cells were either incubated for 45 min 
on ice and reincubated at 37°C to or incubated for 2 h with 20 µM 
nocodazole (AppliChem) at 37°C, and afterward washed three times 
with PBS and reincubated at 37°C to allow MT regrowth.

Antibodies
Recombinant full-length human Ccdc61 protein was used for mono-
clonal antibody generation in mice by the DKFZ monoclonal anti-
body core facility. The resulting monoclonal mouse anti-Ccdc61 
antibody was affinity purified using Ccdc61 protein immobilized on 
CNBr-activated Sepharose 4B (GE Healthcare) according to manu-
facturer’s recommendations, and used at a final concentration of 
50–100 ng/µl. Mouse anti-FLAG M2 (1:5000; F3165), mouse anti-α-
tubulin (1:1000; T5168) and mouse anti-γ-tubulin (1:500; T6557) were 
obtained from Sigma, goat anti-γ-tubulin C-20 (1:50, sc-7396) from 
Santa Cruz, rabbit anti-GFP (1:500; NB600-303) from Novus, rabbit 
anti-pericentrin (1:3000; ab4448) and rabbit anti-Cep170 (1:500; 
ab72505) from Abcam, mouse anti-Cep170 72-413-1 (1:1000 or 1 µg 
per 1 mg total cell lysate; 41-3200) from Thermo Scientific, rabbit 
anti-Cep290 (1:500; A301-659A-2) from Bethyl and rabbit anti-Mad2 
(1:100; PRB-452C) from Covance. Mouse Penta-His (1:300; 34660) 
was obtained from Qiagen and mouse anti-actin Ab1 (1:5000; JLA20) 
from Millipore. Rabbit anti-TBK1/NAK D1B4 (1:1000, 3504) and rab-
bit anti-phospho-TBK1/NAK (1:50, 5483) from Cell Signaling, rabbit 
ODF-2 (1:500, 12058-1-AP) from Proteintech, and human anti-
CREST (3600; 1:5000). Rabbit anti-PCM1 (1:1000) was provided by 
A. Merdes (Université de Toulouse, Toulouse, France), goat anti-C-
Nap1 (1:500) provided by E. Schiebel (ZMBH, Heidelberg, Germany) 
and rat anti-ninein (1:500) provided by G. Chen (University of Al-
berta, Edmonton, Alberta, Canada). Normal mouse IgG 1 (SC2025) 
was obtained from Santa Cruz. If possible, antibodies were validated 
by RNAi experiments with Western blot or IF.

Secondary antibodies for IF were goat anti-mouse IgG and 
goat anti-rabbit IgG coupled to Alexa Fluor 488 and Alexa Fluor 
594 (1:500–1:1000; Molecular Probes) or donkey anti-mouse 
immunoglobulin G (IgG), donkey anti-rabbit IgG, and donkey anti-
goat IgG coupled to Alexa Fluor 488, Alexa Fluor 568 or Alexa Fluor 
647 (1:500–1:1000, Molecular Probes). Secondary antibodies for 
Western blotting were peroxidase-conjugated donkey anti-rabbit 
(1:5000–1:10,000; Jackson Laboratories), goat anti-mouse (1:5000–
1:10,000; Novus), and Streptavidin-HRP (1:2000, Thermo Scientific 
815-968-0747).

siRNAs
siRNAs used in this study were directed against the following 
sequences: firefly luciferase (GL2, control), 5′-AACGUACGCG-
GAAUACUUCGA-3′; Ccdc61 Oligo1, 5′-CCCUGGAGUGGGUC-
CAAUA-3′; Ccdc61 Oligo2, 5′-AGAUUUGACUCACAAGACA-3′; 
Cep170 5’-GCAUGAGAAGUUUACCAUU-3′; PCM1 5′-GTATCA-
CATCTGAACTAAA-3′. All siRNAs were purchased from Eurofins 
Genomics, Ebersberg, Germany, at high-performance liquid chro-
matography purity.

Plasmid constructions and molecular cloning
Full-length human Ccdc61 cDNA (NCBI Gene ID: 729440) was 
synthesized by Geneart/Life Technologies and cloned via PCR am-
plification into the BamHI/HindIII sites of pCMV-3Tag1A (Agilent 
Technologies), into the HindIII/SalI sites of pEGFP-C3 (Clonetech), 
into the BamHI/HindIII sites of pET22b (Merck Millipore), into the 
HindIII/BamHI sites of pcDNA5-FLAG-BirA*-R118G (provided by L. 
Pelletier, Department of Molecular Genetics University of Toronto), 
and into the KpnI/ApaI sites of pcDNA5 FRT TO (Life Technologies) 
using pCMV-3Tag-1A-Ccdc61 as a template.

siRNA-resistant human Ccdc61 was generated by PCR-based 
site-directed mutagenesis (QuikChange Lightning Multi-Site di-
rected Mutagenesis Kit, Agilent), mutating residues pairing to the 
seed region of Oligo2 from 5′-GATTTGACTCACAAGACA-3′ to 
5′-GACCTAACGCATAAAACA-3′ introducing silent mutations within 
the protein encoding sequence. pCMV-3Tag-1A-Ccdc61 was used 
as a template. DNA sequences were analyzed by sequencing.

Recombinant protein expression
Human Ccdc61-6xHis was expressed in Escherichia coli BL21-Ro-
setta and purified under denaturing conditions by single-step affin-
ity chromatography using Ni-NTA Sepharose (Qiagen) according to 
the instructions of the manufacturer. Ccdc61 was finally dialyzed 
against PBS, pH 7.4 containing 8 M urea.

Immunoprecipitation
HEK293T cell lysates were prepared with NP40 lysis buffer (40 mM 
Tris, pH 7.5, 150 mM NaCl, 0.5% NP40, 5 mM EDTA, 10 mM β-
glycerophosphate, 5 mM NaF, 1 mM dithiothreitol, 0.1 mM Na3VO4, 
and protease inhibitors). Immunoprecipitations were performed as 
shown previously (Zhu et al., 2013).

BioID and mass spectrometry analysis
HEK293T Flp-In T-Rex FLAG-Ccdc61 (rescue)-BirA* cells were in-
duced with doxycycline (1 µg/ml, 24 h) and treated with or without 
biotin (50 µM, 24 h; Sigma-Aldrich). Cells were harvested and 
afterward washed twice in PBS. Biotin-streptavidin affinity purifica-
tion from total cell extracts was performed as described previously 
(Firat-Karalar and Stearns, 2015). Mass spectrometry analysis of 
the samples was performed as described previously (Kratz et al., 
2015).

IF of fixed specimens
For indirect IF HeLa, U2OS, HEK293T, and RPE1 cells were treated as 
described previously (Cizmecioglu et al., 2010; Kschonsak and Hoff-
mann, 2018). Coverslips were mounted onto glass slides with 
ProLong Gold (Molecular Probes) or Mowiol (Calbiochem). For cell 
imaging, the Zeiss motorized inverted Observer.Z1 microscope was 
used, containing mercury arc burner HXP 120 C and LED module 
Colibri. Filter combinations: GFP (38 HE) DsRed (43 HE), and 
4′,6- diamidino-2-phenylindole (49) with the detector gray-scale 
charge-coupled device (CCD) camera AxioCam MRm system and a 
63 ×/1.4 Oil Pln Apo DICII objective. Zeiss Apotome confocal imag-
ing device was used during z-stack imaging. For quantitative or 
colocalization purpose, cells were imaged with the Zeiss LSM 710 
confocal microscope, with a 63×/1.4 oil DIC III objective, and con-
taining laser diodes 405-5, 488, 555, and 633. Image processing was 
performed using ZEN and Fiji (Schindelin et al., 2012), including 
maximum z-stack projection and background subtraction.

Centrosomal or satellite localization of PCM1, Cep290, Cep170, 
and Ccdc61 were quantified by randomly chosen cells by drawing a 
3- to 25-µm2 circle around the centrosome and measuring the mean 
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gray intensity of the corresponding signal. MT aster size was mea-
sured my drawing a circle with the centrosome centered accordingly 
to the length of the MTs. Colocalization of Ccdc61 with PCM1 or 
pericentrin was quantified using a Fiji macro (Schindelin et al., 2012). 
Thereby, a mask of the specific PCM/pericentrin signal of a cell was 
generated and transferred to the Ccdc61 signal to measure the in-
tensity of Ccdc61 in this specific area.

Live cell imaging
U2OS cells stably expressing H2B-GFP α-tubulin–mCherry or HeLa 
cells stably expressing α-tubulin–mEGFP mCherry-H2B were used 
for time-lapse experiments. Cells were treated with the indicated 
siRNA, synchronized via thymidine block, seeded into a µ-slide 
8-well ibiTreat chambers (ibidi GmbH) and imaged for 16–19 h at a 
5 min time interval on a Zeiss motorized inverted Observer.Z1 mi-
croscope, containing mercury arc burner HXP 120 C and LED mod-
ule Colibri. UPLS-Apochromat 20 ×/0.75 NA air objective lens was 
used for imaging and the Zeiss ZEN software for image acquisition. 
Filter combinations: GFP (38 HE) and DsRed (43 HE) with the detec-
tor gray scale CCD camera AxioCam MRm system. Cells were kept 
in DMEM/FBS at 37°C and 5% CO2 during imaging. Images were 
analyzed with Fiji (Schindelin et al., 2012). Cells were randomly cho-
sen and the timing of mitosis were analyzed by measuring the time 
between nuclear envelope breakdown and telophase (mitotic dura-
tion) or mitotic spindle formation (metaphase) and anaphase. Chro-
matin alignment defects were analyzed by using the H2B channel 
only. Spindle assembly defects include various problems of the cell 
to assembly a properly formed spindle (including, e.g., multipolar 
spindle but also bipolar spindles struggling to align DNA). Chroma-
tin alignment defects include disturbed formation of a properly ar-
ranged metaphase plate, for example,  lagging chromosomes.

Fluorescence recovery after photobleaching (FRAP) analysis
FRAP measurements were performed on a Zeiss LSM 780 confocal 
microscope using a 40×/1.3 numerical aperture (NA) oil Plan-
Apochromat objective, the 488-nm line of an Argon laser and open 
pinhole settings. Cells were grown on eight-well µ-slides (ibidi) and 
subjected to FRAP analyses for no longer than 1 h on the micro-
scope at 37°C. For quantification, recovery curves were derived 
from six cells investigated for each condition. The mobile fraction 
was calculated by comparing the photobleach corrected prebleach 
and postbleach recovery fluorescence intensity values in the photo-
bleached region of interest. Image processing and analysis was 
performed using Fiji (Schindelin et al., 2012).

Live-cell imaging of MT plus ends
HeLa EGFP-EB3-expressing cells (Sironi et al., 2011) were seeded 
into eight-well µ ibidi chambers (ibidi GmbH, Germany). The cells 
were imaged at a Leica TCS SP5 confocal microscope supported 
with a temperature and CO2-controlled incubation chamber using 
HCX Plan APO 40×/1.30 Oil CS objective and the Leica Application 
Suite at a temporal resolution of 0.13 s. siR-DNA dye was added to 
the cells to visualize the DNA.

Tracking of MTs in mitosis and quantitative analysis 
of MT dynamics
The goal was to quantify the directionality and asymmetry of many 
mitosis events; each with many closely spaced tracks, monitored 
over arbitrarily large time intervals. It was especially important to 
decouple parameters such as position, size, and absolute orienta-
tion of the spindle for meaningful and easy comparison of different 
mitosis events.

At the core of our technique was the tracking program Track-
Mate (http://imagej.net/TrackMate), which is part of the image anal-
ysis program Fiji (Schindelin et al., 2012). We first optimized four 
major parameters of this program (spot diameter, intensity thresh-
old, maximum displacement of a spot from one frame to the next, 
and the minimum acceptable duration of a track) for a typical time-
lapse image series. These parameters were then used consistently 
for automated tracking of all time-lapse images (script-based use of 
TrackMate) and obtaining tracks.

A detected track included links that join a given MT tip from one 
frame to the next. Knowing the positions of the MT tips, the direc-
tions of the links/tracks could then be easily calculated. The 
histogram of these directions was used to quantify the directionality 
and asymmetry indices, as shown in Supplemental Figure S4C. The 
horizontal axis represents angles (in degrees), and the vertical axis 
represents the number of detected links (two consecutive spots 
along a given track) per unit of angle. The two (Orientation and 
Biorientation) indices quantify the directionality and the asymmetry 
of microtubule growths, irrespective of microtubule spindle size, po-
sition, or orientation. As such, they make it possible to compare 
different mitosis events automatically without any registration, scal-
ing, or region of interest selection. Directionality was defined as the 
area under the histogram around the dominant orientation down to 
the baseline (A1) divided by the corresponding area under the base-
line (A0). Asymmetry was defined as the normalized difference 
between excess numbers of links growing along the dominant 
orientation (A1) and the rest of the links (A2).

Tracking particles in a dense medium required small displacement 
of a given spot (from one frame to the next) compared with its dis-
tance to adjacent spots (in a single frame). To this end, we used high-
frame-rate imaging (0.13 s/frame) and also reduced laser power to 
avoid acquisition bleaching. The resulting reduced signal-to-noise 
ratio was no problem for the robust tracking algorithm, as verified by 
visual inspection in several cases. More details of the technique, its 
open-source implementation, and its robustness to many experimen-
tal and computational challenges are addressed in a different contri-
bution. More details of the technique, its open-source implementa-
tion, and its robustness to many experimental and computational 
challenges are addressed in a preprint (Jafarpour and Lorenz, 2017).

Statistical analysis
Statistical analysis was performed with GraphPad Prism 6.0. The re-
sults shown in the figures represent the mean ± SD, if not indicated 
otherwise. Unpaired Student’s t test (two-tailed distribution), one-
way analysis of variance (ANOVA), or two-way ANOVA was per-
formed to calculate the p value that is indicated with asterisks or as 
ns (not significant). Statistical details of each experiment can be 
found in the figure legends. No statistical method was used to 
predetermine sample size.
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