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CPAP insufficiency leads to incomplete centrioles
that duplicate but fragment

Alejandra Vasquez-Limeta'@®, Kimberly Lukasik'®, Dong Kong'®, Catherine Sullenberger?, Delgermaa Luvsanjav}, Natalie Sahabandu?, Raj Chari?, and

Jadranka Loncarek'®

Centrioles are structures that assemble centrosomes. CPAP is critical for centrosome assembly, and its mutations are found in
patients with diseases such as primary microcephaly. CPAP’s centrosomal localization, its dynamics, and the consequences of its
insufficiency in human cells are poorly understood. Here we use human cells genetically engineered for fast degradation of
CPAP, in combination with superresolution microscopy, to address these uncertainties. We show that three independent
centrosomal CPAP populations are dynamically regulated during the cell cycle. We confirm that CPAP is critical for assembly of
human centrioles, but not for recruitment of pericentriolar material on already assembled centrioles. Further, we reveal that
CPAP insufficiency leads to centrioles with incomplete microtubule triplets that can convert to centrosomes, duplicate, and
form mitotic spindle poles, but fragment owing to loss of cohesion between microtubule blades. These findings further our
basic understanding of the role of CPAP in centrosome biogenesis and help understand how CPAP aberrations can lead to

human diseases.

Introduction
Centrosomes, small membraneless organelles, facilitate the
formation of mitotic spindle poles and faithful segregation
of genetic material during cell division. They are composed
of a microtubule (MT)-based structure called a centriole
and surrounding proteinaceous pericentriolar material (PCM;
LeGuennec et al., 2021; Vasquez-Limeta and Loncarek, 2021;
Vorobjev and Chentsov Yu, 1982; Woodruff et al., 2014). In ad-
dition to organizing centrosomes, centrioles convert into basal
bodies and build primary and motile cilia, organelles with sen-
sory and motile functions, respectively (Mitchison and Valente,
2017; Wang and Dynlacht, 2018). Defects in centriole number or
structure cause mitotic errors and perturbations in tissue ar-
chitecture and cilia formation and function (Godinho et al.,
2009; Goundiam and Basto, 2021; LoMastro and Holland, 2019;
Nigg et al., 2014, 2017). Centriole and centrosome abnormalities
can also promote cellular transformation (Basto et al., 2008;
Levine et al., 2017) and are a hallmark of most human tumors.
Mutations in centrosome components underlie hereditary dis-
eases such as microcephaly and ciliopathies (Marthiens and
Basto, 2020; Marthiens et al., 2013).

The number and the assembly of centrioles are strictly con-
trolled (Gonczy and Hatzopoulos, 2019; Nigg et al, 2014;
Sullenberger et al., 2020). In cycling somatic cells, there are two

mother centrioles, which duplicate at the beginning of S phase
by forming a new centriole (procentriole). Procentrioles form
orthogonal to and in the vicinity of a mother centriole, where
they remain during interphase and mitosis. During cell division,
each sister cell inherits one mother centriole-procentriole pair,
which ultimately separates and forms individual centrosomes.
To maintain centrosome homeostasis, new centrioles must be
properly assembled, which is the result of a gradual buildup of
their MT wall and recruitment of dozens of proteins inside and
outside the MT wall (Sullenberger et al., 2020).

Centrosomal protein 4.1-associated protein (CPAP, in verte-
brates also called centromere protein ] [CENPJ]; SAS-4 in
Drosophila and Caenorhabditis elegans; Hung et al., 2000) is a
conserved protein found in all species that have centrioles
(Carvalho-Santos et al., 2010; Hodges et al., 2010). Homozygous
mutations in the human CPAP gene are associated with auto-
somal recessive primary microcephaly, a debilitating disease
characterized by reduced neuron numbers and small brain size
(Bond et al., 2005; Gul et al., 2006; Kitagawa et al., 2011; Lin
et al., 2020). CPAP/SAS-4 incorporates into procentrioles from
the early stage of their formation (Basto et al., 2006; Kleylein-
Sohn et al, 2007; Leidel and Gonczy, 2003). The CPAP
C-terminus interacts with centriole assembly initiation factors
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STIL (Ana2 in Drosophila; Cottee et al., 2013; Moyer and Holland, 2019;
Tang et al., 2011; Vulprecht et al., 2012), Sas-6 (Lin et al.,, 2013a), and
Cepl35 (Carvalho-Santos et al., 2012; Comartin et al., 2013; Lin et al.,
2013a; Ohta et al,, 2002), and with centriole elongation factors Cepl20
(Comartin et al., 2013; Lin et al., 2013b) and Centrobin (Gudi et al,,
2015). CPAP/SAS-4 removal causes centriole duplication failure
(Basto et al., 2006; Cho et al., 2006; Gogendeau et al., 2011; Kirkham
et al,, 2003; Leidel and Génczy, 2003).

Toward its N terminus, CPAP contains an MT-binding do-
main and a PN2-3 tubulin-binding domain (Cormier et al., 2009;
Hsu et al., 2008; Hung et al., 2004; Zheng et al., 2016), which is
thought to regulate the rate of tubulin incorporation to centriole
MTs (Sharma et al., 2016; Zheng et al., 2016). Consistent with
this, CPAP overexpression results in over-elongated centriolar
MTs (Kohlmaier et al., 2009; Schmidt et al., 2009; Tang et al.,
2009), and expression of CPAP mutants impeding CPAP
MT-related functions results in the formation of aberrant
centrioles (Kitagawa et al., 2011; Zheng et al., 2016). Conversely,
partial depletion of CPAP in S phase-arrested human cells re-
duces centriole length (Comartin et al., 2013). Similarly, partial
depletion of SAS-4 resulted in shorter centrioles with reduced
PCM levels in C. elegans (Kirkham et al., 2003) and in basal
bodies with incomplete MTs in Paramecium (Gogendeau et al.,
2011). In addition, CPAP/SAS-4 is suggested to act as a scaffold
for the assembly of cytoplasmic PCM complexes and for their
tethering to centrosomes (Gopalakrishnan et al., 2011; Zheng
et al., 2014). Phosphorylation of CPAP by Aurora A (Chou
et al., 2016) and Plkl (Ramani et al., 2018) was reported to
regulate centrosomal PCM recruitment during mitosis. Dis-
ruption of centrosome integrity and mitotic spindle morphol-
ogy has been detected after prolonged CPAP depletion by siRNA
(Cho et al., 2006; Lee et al., 2014; Lee and Rhee, 2015). However,
in Drosophila embryos, PCM recruitment did not require the
preassembly of multiprotein SAS-4/PCM cytosolic complexes
(Conduit et al., 2015), and depletion of CPAP in the presence of
intact mother centrioles did not lead to immediate mitotic
problems in human U20S cells (Kitagawa et al., 2011). Because a
detailed ultrastructural analysis of human centrioles depleted
for CPAP is lacking, the exact role of CPAP in the organization
of interphase and mitotic centrosomes remains controversial.
Moreover, a detailed centrosomal localization map of CPAP and
its dynamics during the cell cycle has yet to be understood. In
this work, we answer these important outstanding questions
using superresolution microscopy approaches and human cells
genetically engineered for fast and controllable degradation
of CPAP.

Results

CPAP’s localization to three independent centrosomal
populations is cell cycle regulated

To dissect the centrosomal distribution of CPAP in nanoscale
resolution, we used HeLa and RPE-1 cell lines expressing a
centriolar marker, Centrinl-GFP (C1-GFP). Cells were first im-
munolabeled using antibodies directed toward the CPAP
C-terminus (Ct) and imaged using two modalities of su-
perresolution microscopy: 3D stochastic optical reconstruction
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microscopy (3DSTORM) and 2D stimulated emission depletion
(2DSTED). The typical resolution of 3DSTORM, in our hands, is
~25 nm (Bowler et al., 2019), and of 2DSTED, ~30-40 nm (Fig.
S1 A). First, we analyzed the distribution of CPAP in interphase
S/G2 cells. The Ct antibody distinguished a CPAP toroid ~460
nm in diameter around mother centrioles and a smaller toroid
~100 nm in the lumina of both mother centrioles and procen-
trioles (Fig. 1, A, B, and F). This CPAP pattern is consistent with
previous CPAP immuno-EM and structured illumination mi-
croscopy analyses (Kleylein-Sohn et al., 2007; Sonnen et al.,
2012). Although ~80% of interphase mother centrioles formed
the PCM toroid, the abundance of the signal within toroids was
variable between cells and between centrosomes of the same
cell. In ~20% of centrosomes, the PCM CPAP toroid was not
defined or was undetectable (Fig. 1 B). In some mother cen-
trioles, luminal CPAP was organized to nine discrete lobules
underlying and slightly overlapping with the centriole’s inner
wall, although the luminal signal could also appear irregular and
of various intensities (Fig. 1 B). In PCM, CPAP lacked ninefold
organization. Before and during mitosis, the PCM CPAP toroid in
most centrosomes showed reduced and more scattered signal, or
it was entirely absent (Fig. 1, A and B), while the luminal CPAP
was preserved in all centrioles. In early Gl (Fig. 1 C), CPAP was
entirely absent from the PCM, while the luminal CPAP localized
with similar intensity within the proximal ends of both cen-
trioles, suggesting that the PCM and luminal populations are
independent.

The lack of the PCM CPAP in mitosis could occur because of
obstruction of the antibody epitope in mitosis. To verify the
localization pattern obtained with the Ct antibody, we repeated
the analysis using an antibody directed toward CPAP’s
N-terminus (Nt). The Nt antibody revealed a similar CPAP
pattern. In interphase, the Nt CPAP signal was detected in tor-
oids ~450 nm in diameter around mother centrioles and ~100
nm in centrioles’ lumina (Fig. 1, D and F). With similar frequency
as observed with the Ct signals, the PCM CPAP population was
reduced or undetectable in mitosis (Fig. 1 B, graph). Interest-
ingly, unlike the Ct CPAP signal, procentriole-associated Nt
signal in S phase showed a toroid of wider diameter (~200-214
nm; Fig. 1, D, E, and F, blue arrows in D). On more advanced
mitotic procentrioles, which have completed structuring of
proximal triplet MTs (Vorobjev and Chentsov Yu, 1982), the
diameter of the proximal Nt signal adopted a more central
luminal-like localization (Fig. 1 D, red arrows) with a diameter
that was indistinguishable from that of the luminal Nt signal of
mature centrioles and the luminal Ct signals. In addition, a
distally localized population of CPAP on procentrioles and some
mother centrioles could be detected in mitosis (Fig. 1 D, pink
arrows). Similar CPAP pattern was detected in cycling RPE-1
cells and in S phase-arrested HeLa cells (Fig. 1, F and G; and Fig.
S1 B).

The absence of the PCM CPAP population from mitotic cen-
trosomes, and its large variability in interphase, is not compat-
ible with the proposed critical role of CPAP in recruitment of
PCM components by mother centrioles. Thus we hypothesized
that in human cells, CPAP may not be universally needed for
PCM organization. We tested this hypothesis by exploring the
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Figure 1. Centrosomal localization of CPAP and its cell cycle dynamics. Cycling cells were immunolabeled with antibodies recognizing Ct or Nt of en-
dogenous CPAP, and the centrosomal distribution of CPAP signals was analyzed using 3DSTORM and 2DSTED. Low-magnification images of corresponding
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cells and centrosomes, in which brighter Centrinl-GFP signals correspond to mother centrioles and dimmer signals to procentrioles, are shown next to su-
perresolved images. Centriole schemes depicting approximate centriole orientation are included to facilitate image interpretation. (A) Analysis of CPAP
distribution in interphase and mitotic cells using anti CPAP-Ct antibody. (B) Image: Illustration of three typical PCM CPAP configurations. Centrioles were
expanded fourfold, immunolabeled for CPAP and centriole MT marker acetylated tubulin, and imaged by 2DSTED (only CPAP is superresolved). Graph:
Quantification of centrosomes based on three observed PCM CPAP configurations. n = centrosomes analyzed by 2DSTED, no expansion. (C) A pair of early G1
cells with centrioles containing luminal CPAP. (D) Analysis of CPAP distribution in interphase and mitotic cells using CPAP-Nt antibody. Magenta and red
arrows in A and D point to CPAP signal on centriole’s distal and proximal ends, respectively. Blue arrows point to procentriole-associated Nt CPAP signal.
(E) 3DSTORM analysis of procentriole-associated CPAP Nt signal, to illustrate its toroidal organization. (F) Quantification of CPAP signal dimensions from
superresolution images using criteria illustrated by the cartoon. Histogram shows the average width of CPAP signal + SD, n = centriole number. (G) 2DSTED
analysis of CPAP signal in RPE-1°6F cells using CPAP-Ct and -Nt antibody. Scale bars: 5 um (wide-field), 0.5 um for 3DSTORM and 2DSTED, 0.2 pm for

rotated 3DSTORM (E), and 1 pm for cropped centrosomes in E. ***, P < 0.001. Source data are available for this figure: SourceData F2.

consequence of acute and long-term CPAP removal on the or-
ganization and function of interphase and mitotic centrosomes
and on centriole stability and assembly.

Removal of CPAP by auxin-induced degradation (AID)
Depletion of proteins using siRNA or shRNA usually results in
gradual and uncontrollable depletion, and it would not be suit-
able for precise and rapid manipulations of CPAP levels in spe-
cific phases of the cell cycle. To overcome this limitation, we
generated HeLa®PAP-AID and DLD-1CPAP-AID cel] lines in which
CPAP is rapidly degraded using an auxin-based degradation
system in which addition of indole-3-acetic acid (IAA) to the
culture medium induces CPAP degradation by the proteasome
(Nishimura and Fukagawa, 2017; Nishimura et al., 2009). In
these cells, all endogenous CPAP alleles were inactivated by a 1-
nucleotide deletion using CRISPR/Cas9 (Figs. 2 A and S3 A),
whereas CPAP cDNA, tagged with an AID (CPAP-AID), and
blasticidin selection markers were randomly integrated into
the genome. Blasticidin-resistant monoclonal colonies were
screened for the levels and degradation of CPAP-AID, and the
clones used in the study were sequenced to ensure the lack of
endogenous CPAP (Fig. 2, A-E; and Fig. S3 A). Immunoblotting
showed that CPAP-AID was degraded within 30 min after ad-
dition of IAA (Figs. 2 C and S3 A) and restored within 2 h after
IAA washout (Fig. 2 B, right). Quantification of CPAP immunoblot
signals revealed that only ~3% of the original CPAP-AID remained
in TAA-treated cells (Fig. 2 C). In agreement, immunofluorescence
showed a reduction of centrosome-associated CPAP signal in IAA-
treated cells (Fig. 2, D and E; and Fig. S3 A). Microscopy revealed
that in IAA-treated cells, the PCM CPAP population was entirely
absent, and residual CPAP signal localized exclusively in cen-
trioles’ lumina (Fig. 2 D). The loss of CPAP from PCM was rapid,
within 15 min of IAA addition (Fig. 2 F). Procentrioles’ luminal
CPAP remained detectable in IAA-treated cells, whereas mother
centrioles’ luminal CPAP was often reduced or even undetectable
after IAA treatment (Fig. 2, F and H (cell 4); Fig. 3, A-C; and Fig. S2
A). Similarly, depletion of CPAP by siRNA resulted in the loss of
CPAP from PCM and mother centriole lumina (Fig. 3, D-F).
Centriole-bound SAS-4 has previously been shown to be
stably incorporated to centrioles of C. elegans (Balestra et al.,
2015; Kirkham et al., 2003). However, our analysis indicated
that, in human cells, both CPAP populations are dynamic and
exchange with the cytoplasmic pool. To further investigate this
finding, we modified the HeLa®PAP-AID cell line so that it also
inducibly expresses CPAP-HA after addition of doxycycline (Fig.
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S2 B). We induced CPAP-HA in cells pretreated (or not) with IAA
and fixed them after ~12 h of CPAP-HA expression. Cells were
then coimmunolabeled using anti-CPAP Ct and anti-HA antibody
to detect total CPAP and CPAP-HA, respectively (Fig. S2 C). Newly
synthesized CPAP-HA was associated with centrioles of all ages,
and it was regularly localized in both lumina and PCM of mother
centrioles even without previous degradation of CPAP-AID (Fig.
S2 D), confirming that mother centrioles’ CPAP populations are
dynamic and exchange with the cytosolic population.

To test whether mother centrioles in IAA-treated cells can
still initiate duplication, we collected mitotic cells by shake-off,
replated them, and treated them with IAA 6 h later, while still in
Gl (Fig. 2 G). We fixed cells after 10 h (when control cells nor-
mally begin entering S phase and centrioles start to duplicate)
and after 16 h (when most control centrioles are duplicated) and
analyzed CPAP by immunofluorescence. In late Gl, mother
centrioles harbored low levels of luminal CPAP (Fig. 2 H, cells
1 and 2), traces of which were barely detectable or undetectable
in ~30% of cells by STORM. Yet mother centrioles deprived of
CPAP initiated duplication, as evidenced by the second adjacent
CPAP signal colocalizing with the emerging C1-GFP signal near
mother centrioles (Fig. 2 H, cells 3 and 4). 16 h after shake-off,
98% of mother centrioles initiated duplication (Fig. 2 I). This
result was further verified by the presence of a cartwheel pro-
tein Sas-6 within the ring of PCM protein Cepl52 in 97% of
mother centrioles (Fig. 2 I). We concluded that the three CPAP
populations (i.e., mother centriole’s PCM, mother centriole’s lu-
minal, and procentriole’s luminal population) localize indepen-
dently on the centrosome, and that removal of CPAP from mother
centrioles is not consequential for initiation of their duplication. In
addition, these experiments showed that the PCM and mother
centriole luminal CPAP populations are present in a dynamic
equilibrium with the cytosolic CPAP population, although the Iu-
minal CPAP binds with higher affinity. This conclusion is con-
sistent with previous work in C. elegans (Dammermann et al.,
2008). Remarkably, procentriole initiation could still be initiated
with only ~3% of residual CPAP. So, we reasoned that HeLaPAP-AID
and DLD-1°PAP-AID cells were an ideal model to deplete CPAP rapidly
from cytosolic and centrosomal populations and to study the effects
of acute and prolonged CPAP deficiency on centriole assembly and
centrosome organization and function.

Assembled mother centrioles are stable after CPAP removal
To understand how the loss of CPAP affects already assembled
mother centrioles long-term, HeLa®PAP-AID and parental
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Figure 2. Fast degradation of CPAP fused to an AID. (A) Left: The transfection and selection strategy (described in Materials and methods) used to generate
Hela and DLD-1 cell lines expressing CPAP fused to an AID (HeLa®PAP-AIP and DLD-1°PAP-AIP). Right: Sequencing result confirming the inactivation of CPAP
alleles in HeLaCP*PAIP cells by a point mutation (red arrows). (B) Left and middle: Immunoblot and quantification of centrosomal CPAP in parental and
HeLaCPAP-AD cells with and without IAA treatment. n = centrosome number. Right: Re-accumulation of CPAP-AID after IAA washout by immunoblot. (C) The
efficiency and dynamics of CPAP-AID degradation after IAA addition. Antibodies recognizing Ct, Nt, and the middle (M) region of CPAP were used for detection.
The residual levels of CPAP (shown in blue) represent an average signal intensity from the above blots. (D) Centrosomal CPAP levels and localization after 4 h
of IAA treatment. Centrosome-associated CPAP is reduced, and residual CPAP signal is localized to centriole’s lumina and is absent from PCM. (E) Quanti-
fication of centrosomal CPAP from wide-field images before and after 6 h of IAA treatment. (F) 2DSTED analysis of centrosome-associated CPAP within first
60 min of IAA treatment. The wide-field images of corresponding superresolved centrioles are shown in insets. Centriole schemes depicting approximate
centriole orientation are included. (G) Experimental strategy used in H and I. (H) 3DSTORM analysis of mother centrioles (MC) in late G1 (left) and in early S
(right) in IAA-treated cells. CPAP signals analyzed by 3DSTORM are indicated by yellow and red arrows. (I) Centrosomes were labeled for mother
centriole-specific protein Cep152 and procentriole-specific protein Sas-6. The percentage of duplicated mother centrioles was determined by scoring the
number of MC-PC Centrinl-GFP pairs, and additionally by the presence of Sas-6 signal in association with Cep152 ring from 2DSTED recordings. Scale bars:
5 um (wide-field); 0.5 um (2DSTED and 3DSTORM); 1 um (cropped centrosomes in F and H). *, P < 0.05; ***, P < 0.001.

Vasquez-Limeta et al. Journal of Cell Biology

CPAP shortage and incomplete converted centrioles https://doi.org/10.1083/jcb.202108018

5 of 22


https://doi.org/10.1083/jcb.202108018

c 3 »
IV

A B whuln CPAP-CY C Total centrosomal Total centrosomal Mother centriole
e il ’ CPAP from CPAP from luminal CPAP from
Mitoficashake I Nolaa 2h IAAZH widefield images 2DSTED images 2DSTED images
and re-plating -. .. 100-192=n 29-69=n 39-68=n
ol ) s NS 2500 s NS 500 Ns NS
iy /e TK'XW g 70| e 2000 | **% 00| ™
+-
: No IAAG h IAAG h 2 600
2 +Fix s
= 50 1500 300
6 +Fix S 400
2 30 H 1000 a0
9 +Fix &
14Y Cell1 2 3 4  Cell1 2 3 4 = fgg é 0 100 I‘le H_T—]
= Eix €l € é
Lelslels  [Falals | &
B T S B I -+ -+ -+ - +]|AA
2 6 9 14h 2 6 9 14h 2 6 9 14h
D E F G
22h, G1 y-tubulin  CPAP-Ct Total centrosomal Mqther centriole HelLaC5 or Hel a0
e siControl CPAP from luminal CPAP from g !
HelLa ; . . Mitotic shake off and re-plating
Mitotic shake off widefield images 2DSTED images
and re-plating 53 53=n 40 53=n Oh+ ' . .
e 1200]  swx 300 2+ Centrinone + |AA or siCPAP/siControl
entrinone D — @
E 1000 E 250 F** .
SICPAP or = > Mitosis 1| Fix labeling of  Widefield
siControl SICPAP 5 800 5 200 241\ tubulin & CPAP  STED
e el
o = = A e
M|t023|2$ . % 400 g 100 y-tubulin & CPAP \ni4efield Expansion
)S £ 90 £ 50 Mitosis 3 | . . STED labeling of
v Fix, labeling of .
60X ] acetylated tubulin
Cell1 2 3 4 a i e y-tubulin & CPAP
é\QO‘\%-Q,?V‘ G_;\G(’%.\Q?P‘

H

No IAA 24 h, G1 1AA24 h, G1

siControl 24 h, G1 SiCPAP 24 h, G1

Total centrosomal
CPAP and y-tubulin from
widefield images, 60 h

. n we NS Hhk
No IAA40 h. G1 JAA 40h. G1 siControl 40 h. G1 siCPAP 40 h. G1 ) —— —

NS
.... ..... e
2,250

©
o=

= 200

. ) S 150
siControl 60 h, G1 SiCPAP 60 h, G1 =

No IAA60 h, G1 |AA G0 h, G1

rbi

ple %0005 [0 2]
» £ 50
T —
$I3IT 5%5%
o o S50
= = » = 0=
Cell1 2 3 4 5 Cell1 2 3 4 5 Cell1 2 3 4 5 Cell1 2 3 4 5 oo
y-tubulin  CPAP-Ct
Structurally intact
I J mother centrioles
No IAA 60 h, G1 IAA B0 h, G1 siControl 60 h, G1 SiCPAP 60 h, G1 - 13271 =n
| [}
‘ 280
AR | X
3 40
€ 20
80
o
=

O

Cell1 2 3 4 Cell 1
CPAP-Ct  Acetylated tubulin

T s
[ =4 f =
8 8
= z

2 3

Cell 1

Figure 3. Centriole-associated CPAP is dynamic, and its loss does not destabilize already-assembled mother centrioles. (A) Experimental strategy used
to explore the dynamics of mother centriole luminal CPAP in 1AA-treated cells in B and C. Cells were treated with IAA to degrade CPAP and with centrinone to
prevent centriole duplication. CPAP and y-tubulin were immunolabeled, and centrosomes were imaged by wide-field and 2DSTED. (B) Centrosomes in I1AA-
treated samples have reduced or undetectable CPAP and normal y-tubulin levels. (C) Quantification of CPAP signals. (D) Experimental strategy used to explore
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the dynamics of mother centriole luminal CPAP in CPAP siRNA-treated cells in E and F. (E) Centrosomes in CPAP siRNA-treated samples have reduced or
undetectable CPAP and normal y-tubulin levels. (F) Quantification of CPAP signals. (G) Experimental strategy used to explore long-term stability of mother
centrioles after CPAP removal by IAA or siRNA used in H-J, Fig. 5 D, and Fig. S4 D. (H) Centrosomes in IAA or siRNA-treated samples have reduced or un-
detectable CPAP and normal y-tubulin levels. (1) Expansion/2DSTED analysis of G1 centrioles after 60 h of IAA or siRNA treatment. Acetylated tubulin labels
centriole MT walls. Acetylated tubulin is not superresolved. (J) Quantification of mother centriole phenotypes from expanded samples after 40 and 60 h of IAA
and siRNA treatment. Scale bars: 0.5 um (B, E, and H); 1 um (I). n = centrosome number. *, P < 0.05; ***,

HeLa®"GFP cells were synchronized by mitotic shake-off and
treated with IAA or CPAP-siRNA, respectively, 2 h later. Cen-
trinone, an inhibitor of centriole-initiating kinase Plk4 (Wong
et al., 2015), was added to the culture medium to inhibit for-
mation of new centrioles (Fig. 3 G). Cells were fixed at the time
of the first, second, and third mitotic/postmitotic wave (24, 40,
and 60 h after shake-off), and CPAP and y-tubulin were labeled
by immunostaining and imaged. To analyze structural centriolar
features, some samples were expanded and labeled for acetylated
tubulin. Microscopy revealed that after three consecutive cell
cycles, including three mitoses, mother centrioles with signifi-
cantly reduced or undetectable CPAP normally recruit y-tubulin
(Fig. 3 H) and remain structurally intact (Fig. 3, I and J).

Acute degradation of CPAP does not perturb PCM organization
and MT nucleation in interphase

CPAP has been implicated in PCM recruitment and organi-
zation in both Drosophila and human cells (Chou et al., 2016;
Gopalakrishnan et al., 2011; Ramani et al., 2018; Zheng et al.,
2014), by forming cytoplasmic complexes with PCM and pro-
moting their delivery to centrosomes. Now, HeLa®PAP-AID and
DLD-1€PAP-AID cells allowed us to directly test this claim. For
acute removal of CPAP, we treated S phase cells with IAA for6 h
and analyzed centrosomal levels of four major PCM components:
pericentrin, Cepl92, Cep215, and y-tubulin (Dictenberg et al.,
1998; Fong et al., 2008; Gomez-Ferreria et al., 2007; Woodruff
et al., 2014). We found that IAA-treated cells retained control
levels of PCM components on their centrosomes (Fig. 4 A).
Similarly, we found no correlation between the levels of
centriole-bound CPAP and y-tubulin in CPAP siRNA-treated
cells (Fig. 4 B).

Consistently, centrosome-mediated MT nucleation, that is
mediated by PCM, appeared unchanged after IAA addition, as
determined by a MT regrowth assay after MT removal by cold or
nocodazole treatment (Figs. 4 C and S3 B). To further test
whether CPAP removal affects MT dynamics, we expressed
fluorescently tagged EB3, a protein that dynamically binds the
growing plus ends of MTs (Alieva et al., 2013), and calculated
displacement of EB3 before and after CPAP depletion from time-
lapse recordings. The analysis showed similar dynamics of EB3
before and after CPAP depletion (Fig. 4 D).

Based on proximity labeling and coimmunoprecipitation as-
says, three PCM proteins, Cepl92, Cepl52, and pericentrin, in-
teract with CPAP (Chou et al., 2016; Dzhindzhev et al., 2010;
Firat-Karalar et al., 2014; Zheng et al., 2014). To understand
whether these PCM proteins mediate recruitment of CPAP to
PCM, we removed each of these proteins and analyzed CPAP
localization. HeLa®"G*® cells were transfected with the corre-
sponding siRNA. Mitotic cells were collected 24 h later, and
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hydroxyurea was added to synchronize cells at the G1/S border.
24 h later (~48 h of siRNA transfection), cells were fixed, im-
munolabeled for CPAP, and imaged by 2DSTED. Parallel cover-
slips were labeled for each depleted protein to determine the
level of depletion. Imaging revealed that depletion of pericentrin
abrogated the PCM CPAP population, whereas depletion of
Cep192 did not have an effect (Fig. 4, E-I). Depletion of Cepl52
reduced overall CPAP levels on centrosomes by ~30% and par-
tially abrogated its presence within the PCM (Fig. 4, E and G),
consistent with the previous observation that removal of
Cepl52 decreases centrosomal CPAP signal (Cizmecioglu
et al., 2010; Dzhindzhev et al., 2010; Sonnen et al., 2013).
Additionally, we analyzed CPAP distribution in previously
characterized (Watanabe et al., 2020) pericentrin and Cep215-
knockout HeLa and RPEUSP28A cells. In pericentrin knockouts,
CPAP was entirely absent from PCM, whereas Cep215 knockout
did not affect its localization (Fig. 4 E). Centrioles in both
knockouts were still associated with y-tubulin (Fig. 4 I), Cep152,
and Cep192 (not depicted). Thus, while pericentrin, and to some
extent Cepl52, mediate CPAP localization to PCM, the locali-
zation of PCM components studied here is not mediated by
CPAP in the cell lines we explored.

Intact mother centrioles organize functional mitotic spindle
poles in the absence of CPAP

To understand whether CPAP is required for mitotic centrosome
maturation and the assembly of mitotic spindle poles, we acutely
removed CPAP by IAA treatment for 2.5-6 h and analyzed PCM
components on prophase, prometaphase, and metaphase cen-
trosomes. Quantifications revealed that centrosomes lacking
CPAP accumulated PLKI1, Cepl92, y-tubulin, pericentrin, and
Cep215 at levels comparable to controls (Fig. 5 A). High-
resolution imaging revealed no discernable differences in the
pattern of Cepl92, Cep215, and pericentrin, three structural
components of the mitotic PCM lattice, after CPAP removal
(Fig. 5 B). Consistently, in MT regrowth assays, both control cells
and IAA-treated mitotic cells regrew MT asters of comparable
sizes (Fig. 5 C).

To eliminate the possibility that the 3% of residual CPAP in
IAA-treated cells assisted with PCM recruitment, we depleted
CPAP using siRNA in RPE-1 cells (Fig. S4, A-C). In our hands,
siRNA transfection, in some cells, leads to an even greater drop
in CPAP, preventing centriole duplication in ~10% of cells
within the first cell cycle (~24 h after transfection). At that time
point, mitotic cells contain intact mother centrioles formed be-
fore siRNA transfection (Fig. S4 A). Analysis of mitotic spindle
poles containing unduplicated mother centrioles revealed that
they recruit control levels of PLK1, Cep215, and pericentrin (Fig.
S4, B and C).
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and y-tubulin were determined and plotted for each centrosome. No correlation between centrosome-associated CPAP and y-tubulin was observed after
plotting. (C) MT nucleation recovery after cold treatment. IAA treatment for 2.5 h does not change the intensity of MT asters, labeled by a-tubulin, after
recovery. n = number of asters. (D) Cells expressing mCherry-EB3 were imaged every second over 1 min to record the position of growing MT tips. Maximum-
intensity projections of four 1-s frames were generated and color coded (as shown in inset). Displacement of mCherry-EB3 in 4-s intervals was measured for
MTs showing linear growth. Box-and-whiskers plot represents displacement of mCherry-EB3 signals within the same cell before and after 20, 60, or 90 min of
IAA treatment. n = number of measured 4-s intervals. (E) CPAP was detected by immunofluorescence in HeLa“ 67" cells depleted for Cep192, Cepl52, or
pericentrin (PCNT) and in RPE1-USP28A cells knocked out for pericentrin or Cep215. CPAP signal was imaged by 2DSTED. Removal of pericentrin results in the
loss of the PCM CPAP population. Magenta lines delineate centriole’s position and orientation. (F) Levels of indicated protein on centrosomes of cells
transfected with control and targeting siRNA. (G) Plot: Characterization of CPAP phenotypes observed from 2DSTED recordings. (H) Interphase centrosomes in

Cep215 and pericentrin knockouts associate with y-tubulin. n = centrosome number. Scale bars: 5 pm (A, C, and D); 0.5 um (E and H). ***, P < 0.001.

Finally, using the same treatment scheme shown in Fig. 3 G,
we analyzed the long-term ability of unduplicated mother cen-
trioles to assemble functional mitotic spindle poles. Cells were
treated with IAA or CPAP siRNA, and centriole duplication was
inhibited by centrinone. Cells were fixed 24, 40, and 60 h later and
labeled for y-tubulin and CPAP, and mitotic cells were analyzed.
At 24 h, mitotic cells contained symmetrical bipolar mitotic
spindles, and mother centrioles formed functional spindle poles
with levels of y-tubulin comparable to control cells (Fig. 5 D). The
second and third mitoses were initially monopolar, as cells con-
tained one mother centriole (at 40 h) or one or no mother cen-
trioles (at 60 h; Fig. S4 D). However, mother centrioles were still
able to assemble control-looking spindle poles (Fig. S4 D), and
mitotic spindles eventually bipolarized (not depicted).

We concluded that intact mother centrioles of cultured hu-
man cells can assemble functional mitotic spindle poles in the
absence of cytosolic or centriole-bound CPAP.

Abnormal mitotic spindles occur in cells that assemble
centrioles under low CPAP levels

Because intact mother centrioles repeatedly organized control-
looking spindle poles after CPAP removal, we reasoned that
aberrant mitotic figures reported after prolonged CPAP siRNA
treatment in human cells originate from structural aberrations
acquired during centriole assembly after partial CPAP depletion,
as previously documented in other species (Gogendeau et al.,
2011; Kirkham et al., 2003; Pelletier et al., 2006). So, we ana-
lyzed mitotic spindle poles in cells that were allowed to duplicate
centrioles during 48-h treatment with IAA. As controls, we used
untreated cells or cells treated with IAA for only 6 h. We found
that control mitotic cells contained symmetric bipolar mitotic
spindles, with control levels of y-tubulin (Fig. 6, A-C) and
Cep192 (Fig. 6, D and E) on each spindle pole. However, ~30% of
mitotic HeLa®PAP-AID cells treated with IAA for 48 h exhibited
asymmetric spindles, containing mostly one control-looking
spindle pole and the second pole with lower levels of y-tubulin
(Fig. 6, A-C) and Cep192 (Fig. 6, D and E). The “weaker” spindle
poles harbored two C1-GFP signals, indicating duplicated mother
centrioles, although CI-GFP signals were often dimmer in
comparison to the poles with control PCM levels (Fig. 6, A, D,
and E). The weaker spindle poles also nucleated smaller
o-tubulin asters after MT regrowth assay (Fig. 6 D). High-
resolution imaging revealed no discernable differences in the
pattern of Cepl92 on the dominant centrosomes of asymmetric
spindles (Fig. 6 E). The occurrence of the control-looking and
abnormal centrosome/spindle pole in the same cell further
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signified that the observed centrosome defects were inherent to
the centrosomes and not driven by the perturbation of stoichi-
ometry between CPAP and other PCM proteins. We moved on to
characterize the ultrastructure of centrioles formed under low
CPAP levels.

CPAP deficiency results in short and broken centrioles that
convert to centrosomes and duplicate

To understand the effect of prolonged CPAP deficiency on cen-
triole structure, we analyzed the structure of centrioles assem-
bled in IAA-treated cells by expansion microscopy. Cells were
collected after increasing time spent in IAA (12-48 h; Fig. 7),
expanded, and immunolabeled using anti-acetylated tubulin
antibody to mark centriole MT walls. As needed, centrioles were
colabeled with centriole distal cap protein Cep290 (Tsang et al.,
2008) or distal appendage protein Cepl64 (Graser et al., 2007).

Untreated G1 cells largely contained two centrioles of normal
length (Fig. 7, A-C). After 12 h of IAA treatment, the number of
Gl cells harboring a control-looking mother centriole and one
short and/or narrow daughter centriole gradually increased
(Fig. 7, A [upper panel] and B). The number of G1 cells harboring
two short centrioles further increased by 48 h. In addition, at
48 h, ~30% of cells (n = 300) contained short centrioles with
some type of structural abnormality, including uneven and re-
duced acetylated tubulin signal, a gap in acetylated tubulin sig-
nal, a mother centriole with reduced levels of appendage
proteins (prevalent on centrioles shorter than ~250 nm; Fig. 7 A,
lower panel), or acetylated tubulin fragments associated with
Cep290 and Ceplé4 (Fig. 7 A, middle and bottom panels). Sur-
prisingly, even drastically short (~230-nm), narrow, and oth-
erwise defective centrioles duplicated in S phase.

Consistent with aberrant images of interphase centrioles af-
ter 48 h, in ~30% of mitotic cells, one spindle pole contained a
structurally aberrant or broken mother centriole, and another
pole contained a normal or shorter but otherwise intact mother
centriole (illustrated in Fig. 7 D, wide-field). Both normally
structured and aberrant centrioles were associated with pro-
centrioles. More rarely, mitotic poles contained only a centriole
fragment associated with a procentriole. Similar trends and
centrosome phenotypes were observed when IAA was added to
DLD-1CPAP-AID cells (Fig. S3, C and D).

Centrioles assembled in CPAP-depleted cells lose cohesion
between MT blades on proximal ends

To better understand the nature of centriolar defects caused by
CPAP insufficiency, we labeled additional centriolar proteins on
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centrosomal levels in control and IAA-treated cells. Histograms show the average intensity + SD, n = centrosome number. (B) 2DSTED imaging shows that the
patterns of localization of three major components of the mitotic PCM lattice, Cep192, Cep215, and pericentrin, are not changed after 2.5 h of IAA treatment.
(C) MT nucleation recovery after cold treatment. IAA treatment for 2.5 h does not change the recovery of MT nucleation or centrosomal levels of Cep192.
(D) Structurally intact mother centrioles organize control-looking mitotic spindles. Cells were treated with IAA or depleted by siRNA, and centrinone was added
to prevent centriole duplication, as described in Fig. 3 G. Cells were fixed at 24 h when they were undergoing mitosis, immunolabeled for y-tubulin and CPAP,
and imaged by wide-field microscopy; spindle poles were imaged by STED. Scale bars: 5 um (A); 0.5 um (B); 5 um (C); 1 um (enlarged centrosomes in C); 10 um

(wide-field in D); 1 um (STED in D).

expanded centrioles and imaged them using 2DSTED to further
increase resolution. Specifically, we labeled CP110, which lo-
calizes distally above centriole MTs; Cep44, which localizes
proximally (Atorino et al., 2020); hPOCS5, which is enriched to-
ward distal ends (Azimzadeh et al., 2009; Steib et al., 2020); and
POCIB (Pearson et al., 2009; Venoux et al., 2013), which, in our
hands, spans almost the entire centriole length except the very
distal end (Fig. S5). hPOC5 and POCIB are putative inner centriole
scaffold elements (Le Guennec et al., 2020), and Cep44 contributes
to procentriole structuring and maturation (Atorino et al., 2020).

As in parental cells, in IAA-treated HeLaCPAP-AID cells, all
proteins were present on structurally intact, narrow, short, and
broken centrioles (Fig. 7, D-H; and Fig. S5). Interestingly, of 35
broken centrioles analyzed by 2DSTED after 36-48 h of IAA
treatment, all but 2 showed widened proximal ends (Fig. 7, D-H,
red arrows). In such centrioles, Cep44, hPOC5, and POCIB were
still associated with detached MT blades. In addition, in IAA-
treated cells, centrioles, including short, narrow, and broken
ones, could acquire/maintain polyglutamylation (Fig. 7 H),
which is normally acquired by centrioles at the time of their
first mitosis (Sullenberger et al., 2020).

To understand at which stage centrioles of IAA-treated cells
structurally destabilize, we scored centrioles in their first G1 and
S phases after their first mitosis (24-36 h of JAA treatment), and
then in their second mitosis (~48 h of IAA treatment). In their
first G1 phase, the MTs of short and narrow centrioles appeared
parallel (n = 51). At 36 h, ~16% (n = 87) of short S phase centrioles
exhibited widened proximal ends, which was consistent with
detachment of MT blades. The number of such centrioles slightly
increased in the following mitosis to 23% (n = 122). In mitotic
cells, defects appeared more severe, indicating a progressive loss
of cohesion between centriole MT blades.

Intriguingly, some centrioles went on to duplicate even
though they retained a narrow diameter of acetylated tubulin
(Fig. 7 F). It is important to mention that normally, the width of
acetylated tubulin signal increases on younger centrioles from
early to late Gl, so both S phase mother centrioles usually have
similar widths (Sahabandu et al., 2019), which is ~240 nm at the
proximal end (Fig. 7, E-G).

Human centrioles with incomplete MT triplets can undergo
centriole-to-centrosome conversion

Duplicated, narrow centrioles in IAA-treated cells could either
lack acetylation on their outer MTs or have incomplete MT
triplets. Thus we additionally analyzed centrioles from cells
treated with IAA for 48-60 h by EM. As expected, we detected
numerous centrioles of smaller than average length (Fig. 8). In
addition, we detected centrioles in late G1 and S phase cells with
smaller than normal diameters, which was determined by
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measuring the distance between centrioles’ outmost MTs. In
addition, two of four cross-sectioned duplicated mother cen-
trioles showed MT doublets instead of triplets in anaphase and S
phase (Fig. 8, C and E). Finally, although in human procentrioles
MT triplets are completed by mitosis (Vorobjev and Chentsov
Yu, 1982), we found multiple examples of mitotic and early GI
procentrioles containing MT doublets instead of triplets
(Fig. 8 H). The inner lumen of narrow centrioles was not
changed with respect to control centrioles. In addition, EM re-
vealed broken centrioles, with loss of cohesion between centriole
blades and widening of the proximal ends (Fig. 8, D and E),
mirroring defects detected by expansion microscopy. Some
broken centrioles and centriole fragments were found in asso-
ciation with short but otherwise intact procentrioles, and iso-
lated MT blades could carry distal appendage-like structures
(Fig. 8 G), indicating that structurally unstable centrioles ma-
tured, as suggested in expansion experiments.

EM data clarified that human centrioles could persist through
mitosis and stabilize in the absence of a complete set of MT
triplets, even if they were entirely built of MT doublets. Con-
sidering that these centrioles can also duplicate and acquire
polyglutamylation, we concluded that they undergo conversion
to centrosomes.

In summary, we show that in cells deficient for CPAP, cen-
trioles are shorter, and they frequently fail to incorporate the
outer tubules to their MT blades. Because the number of cen-
trioles with detached MT blades increases from their first G1
until second mitosis, we reason that such converted centrioles
gradually destabilize, as depicted in Fig. 9.

Discussion

Herein, we analyze centrosomal localization of CPAP and its cell
cycle dynamics in human cultured cells at ~30-nm resolution.
We found that CPAP localizes to three independent centrosomal
populations that are differently regulated during the cell cycle.
Within the mother centriole lumen, a population of CPAP or-
ganizes as a toroid ~100 nm in diameter, the lateral localization
of which roughly corresponds to the position of the cartwheel
during early stages of centriole structuring, when CPAP is first
accumulated at the centriole. The role of this population is not
clear to us at this point, as its reduction due to CPAP degradation
or CPAP siRNA transfection does not affect mother centrioles’
stability or ability to duplicate or organize PCM.

On mother centrioles, CPAP additionally localizes to the PCM
(in agreement with Kleylein-Sohn et al. [2007]; Sonnen et al.
[2012]; Fig. 1), where it can form a toroid ~460 nm in diameter,
which is similar regardless of whether it is detected using the
antibody against Nt or Ct, suggesting that CPAP is compactly
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cruitment of y-tubulin after 48 h of IAA treatment. Cells were imaged by wide-field microscopy, and the spindle poles were additionally imaged by 2DSTED.
(B) Quantification of mitotic cells harboring mitotic spindle asymmetry. n = cell number. (C) Calculated y-tubulin intensity ratios between two poles of the same
mitotic spindle reveals poles of similar intensity in control cells but of asymmetric intensity in cells treated with IAA for 48 h. n = cell number. (D) MT nucleation
recovery after cold treatment. In mitotic cells treated with IAA for 48 h, spindle poles associated with lower amounts of PCM protein Cep192 recover smaller
MT asters after cold treatment. (E) The pattern of Cep192 localization on mitotic spindle poles in cells treated with IAA for 6 or 48 h, as analyzed by 2DSTED.
CPAP degradation does not affect the pattern of Cep192 (compare to Fig. 5 B). Scale bars: 10 um (A); 0.5 um (centrosomes in A); 5 um (D); 1 pm (centrosomes in

D); 5 um (E); 0.5 um (centrosomes in E). ***, P < 0.001.

organized. The levels of luminal and PCM CPAP vary consider-
ably, and the toroidal organization is not always detectable, es-
pecially in mitosis. This is consistent with a previous live-cell
analysis in fly embryos showing that Sas-4 levels drop as em-
bryos enter mitosis (Novak et al., 2014) and with the observation
that, in mitosis, CPAP is more focused than y-tubulin (Kitagawa
et al., 2011).

CPAP/SAS-4 is, reportedly, required for tethering/recruit-
ment of PCM to centrosomes and for organization of mitotic

Vasquez-Limeta et al.
CPAP shortage and incomplete converted centrioles

spindle poles in both Drosophila and human cells (Gopalakrishnan
et al,, 2011; Ramani et al., 2018; Zheng et al., 2016). However, in
our hands, removal of 297% of CPAP and its loss from cen-
trioles was inconsequential for the assembly of interphase
and mitotic PCM by structurally intact mother centrioles. In
contrast, the analysis of mitotic spindle poles after several
consecutive centriole cycles with decreased CPAP levels re-
capitulated mitotic defects previously described after CPAP
depletion by siRNA. But it also revealed that the aberrant spindle
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Figure 7. CPAP removal leads to the assembly of structurally defective centrioles that destabilize on proximal ends. Cells were synchronized by
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acetylated tubulin to label centriole MT walls (green) and various centrosomal proteins (magenta), and imaged. (A) Examples of centriole configurations in
control and IAA-treated cells. (B and C) Characterization of the phenotypes of MC-DC pairs in G1 cells at indicated times. Phenotypes of MCs and DCs are
additionally shown individually in C. (D) Wide-field images of mitotic cells after 48 h of IAA treatment containing one normal-looking and one aberrant mother
centriole. 2DSTED high-resolution images of four centrioles indicated by arrows are shown below. (E-H) Examples of expanded centrioles after 36-48 h of IAA
treatment, labeled with acetylated tubulin and colabeled with centriole cap protein CP110, centriole distal protein hPOC5 (E), centriole proximal protein Cep44
(F), centriole luminal protein POC1B (G), and polyglutamylated tubulin (H). The panels illustrate mother centrioles that lost cohesion on proximal ends (red
arrows) and that have shorter and narrower acetylated tubulin signal than controls. M, mitosis. Scale bars: 2 um (A); 20 um (wide-field in D); 2 um (2DSTED in

D); 1 um (E-H).

poles, characterized by low PCM levels, consistently harbored
structurally aberrant centrioles, whereas control-looking spin-
dle poles harbored intact centrioles (formed before CPAP was
reduced). The absence of mitotic spindle defects after acute
CPAP removal, and the co-occurrence of the control- and
aberrant-looking mitotic spindle poles within the same cyto-
plasm, do not support the idea that CPAP mediates delivery or
tethering of analyzed PCM components to the centrosome of
cultured human cells. Our conclusion aligns with several pre-
vious observations. In U20S cells, accumulation of PCM to
centrosomes is normal after shorter CPAP depletion by siRNA
(Kitagawa et al., 2011). Drosophila cells lacking CPAP/SAS-4 can
recruit PCM during mitosis (Riparbelli and Callaini, 2011;
Stevens et al., 2007), and in Drosophila syncytial embryos, PCM
proteins do not recruit to the mitotic centrosomes as a part of the
SAS-4 complex (Conduit et al., 2015). Finally, in C. elegans em-
bryo, it was centriole duplication, but not PCM recruitment, that
failed in the presence of a mature centriole after SAS-4 removal
(Kirkham et al., 2003). More work will be needed to unravel the
role of CPAP on mature centrioles of somatic human cells.

CPAP also localizes in the lumina of procentrioles (Fig. 1 A;
Kleylein-Sohn et al., 2007). Using Nt- and Ct-targeting CPAP
antibodies, we further dissected this CPAP population and
showed that during S phase, the Ct of CPAP localizes within the
procentriole lumen, while its Nt extends further outward, past
the centriole MTs. However, this radial CPAP distribution on
procentriole proximal ends appears temporary, since after S
phase, both Nt and Ct signals localize within the procentriole’s
proximal lumen. Endogenous CPAP was previously found to be
present primarily within the proximal centriole ends (Kohlmaier
et al.,, 2009; Schmidt et al., 2009; Tang et al., 2009), suggesting
that it might be critical only during the early stages of centriole
elongation (Sharma et al., 2016). However, per our analysis, in
prophase and mitosis, CPAP localizes to the distal procentriole
ends, where it could participate in elongation of the procentriole
distal part, which, in human cells, is accelerated during these cell
cycle phases (Kong et al., 2020). Indeed, the proximal and distal
end can both be shorter in IAA-treated cells, judging by Cep44
and hPOC5 as markers for the proximal and distal centriole
compartment, respectively (Figs. 7 and S5).

Reduction of the cytosolic pool of CPAP to 3-5% of its original
level allowed procentriole initiation. But procentrioles formed in
these cells were not only short, as previously documented after
CPAP siRNA treatments, but were also narrow. EM revealed that
narrow centrioles failed to incorporate the outer C tubules to
their MT blades. Human centrioles lacking intact MT triplets
also occur after depletion of Cep44, POCIB, and Cep295 (Atorino
et al,, 2020; Chang et al., 2016). The long-term fate of these
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centrioles is unknown, but after first mitosis, such centrioles
reportedly were not able to recruit PCM components and
incorporate glutamylation detectable by GT335 antibodies
(Atorino et al., 2020). Structurally unstable centrioles were also
documented in 8- and e-tubulin knockout RPE-1 cells (Wang
et al,, 2017). In these knockouts, multiple centrioles initiated in
S phase de novo but failed to form MT triplets, destabilized in
mitosis, and became undetectable by Gl. These observations
prompted the intriguing idea that human centrioles cannot
convert to centrosomes without structurally intact MT triplets
(Atorino et al., 2020; Wang et al., 2017).

Here we report that human centrioles lacking a complete set
of MT triplets can convert to centrosomes, duplicate, and ac-
cumulate PCM. Therefore, we propose that, in human cells, the
assembly of an intact set of MT triplets is not a prerequisite for
centriole-to-centrosome conversion (Wang et al., 2011). In
agreement, stabilized and duplicated basal bodies with all or
occasional MT doublets or singlets instead of triplets have been
previously documented in Paramecium (Garreau de Loubresse
et al.,, 2001; Gogendeau et al., 2011) and Chlamydomonas
(O'Toole et al., 2003) and in Drosophila spermatocytes (Zheng
etal., 2016), although in these cells basal bodies are, as in human
cells, normally built of MT triplets.

Although converted, structurally aberrant centrioles formed
under low CPAP levels appear unstable and break. Interestingly,
almost all broken centrioles showed a uniform pattern of
breakdown, characterized by loss of cohesion between MT
blades on the proximal end, while still maintaining cohesion on
their distal lends (Figs. 7 and 8). We speculate that the partial or
complete lack of C tubules could prevent the adjacent centriole
MT blades from establishing the A-C linker (Fig. 8 A; Klena et al.,
2020; LeGuennec et al., 2021; Nazarov et al., 2020; Vorobjev and
Chentsov Yu, 1982) and stabilizing the proximal end of the MT
barrel. Ultimately, passage through the cell cycle, and specifi-
cally through dynamic mitosis, in the absence of the A-C linker
could lead to detachment of MT blades. Although centrioles as
short as ~230 nm can propagate in culture and even duplicate,
there is a possibility that some of the overly short centrioles
disintegrate due to their small size, and not due to lack of triplet
MTs, which does not allow for the incorporation of sufficient
amounts of proximal and distal elements needed for long-term
stability.

In perspective, disruption of multiple centriolar proteins can
result in ultrastructural defects and ultimately lead to centriole
loss and mitotic spindle defects. Nevertheless, our data and
published ultrastructural data show that depletion of each pro-
tein carries a specific structural and biochemical signature,
which can help in understanding their role within the centriole
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Figure 8. Prolonged CPAP removal results in centrioles with incomplete MT triplets that can convert to centrosomes and duplicate. CPAP was
degraded by addition of IAA to culture medium for 48-60 h. Cells were fixed and analyzed by EM. The figure illustrates various centriolar phenotypes detected
during analysis. (A) Examples of normally structured centrioles. (B) Short and narrow centrioles from late G1 cells. (C) Broken mother centriole built of MT
doublets instead of MT triplets in anaphase. Mother centriole is associated with a procentriole. (D) Short mother centriole with unparallel MT blades that lost
cohesion on proximal end. Mother centriole is associated with a procentriole, and appendage-like structures are visible on its distal end. (E) Duplicated narrow
mother centriole in S phase built of MT doublets. (F) A short centriole with unparallel MT blades and widened proximal end. (G) Centriole fragments. Left:
Centriole fragment built of MT doublets associated with a normal-looking procentriole. Right: Centriole fragment associated with a distal appendage.
(H) Narrower-than-normal mitotic procentrioles with incomplete MT triplets. Scale bars: 0.4 um; 0.1 um (insets marked in magenta). S1-S3: the number of a

consecutive 80-nm-thick serial section.

and ultimately in human diseases. Our detailed analysis of
centriolar defects caused by perturbed CPAP stoichiometry can
now be used as a stepping stone for future, in-depth charac-
terization of centriolar defects caused by specific CPAP muta-
tions identified in association with human diseases.

Materials and methods

Cell culture and drug treatments

Retinal pigment epithelial RPE-1°-G*P (Uetake et al., 2007), and
HeLaC"GFP (Piel et al., 2000) constitutively express Centrinl
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fused with GFP (CI-GFP). RPE1-USP28A/pericentrinA, RPE1-
USP28A/Cep215A, HeLa/215A, and HeLa/pericentrinA cells, a
kind gift from Dr. Arshad Desai lab (University of California
San Diego), were previously established and characterized
(Watanabe et al., 2020). DLD-1°"G*F were generated by infecting
adenocarcinoma DLD-1 cells (ATCC) with lentivirus carrying
Centrinl-GFP, using the same strategy as in Uetake et al. (2007).
All cells were grown in DMEM (10569010; Thermo Fisher Sci-
entific) supplemented with 10% FBS and 1% penicillin/1%
streptomycin, at 37°C, in a humified environment with 5% CO,.
For various microscopy analyses, cells were plated on round
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duplicate. However, structurally aberrant centrioles are unstable, lose cohesion between MT blades, destabilize, and fragment. MC, mother centriole. Con-
sequences of acute and prolonged CPAP levels on mitotic spindles (B). In cells with unperturbed CPAP levels, mitotic spindles are largely symmetric. Reduction
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reduced levels of PCM, which are organized by structurally defective centrioles or centriole fragments.

25-mm, 1.5-mm-thick, high-tolerance coverslips (64-0735; Warner
Instruments). To prevent centriole duplication, 0.1 uM cen-
trinone (CEN; 5687; Tocris) was added to the culture medium.

Depletion of proteins using siRNA

To deplete CPAP, mitotic cells were shaken off and replated onto
round coverslips. 2 h later, cells were transfected with CPAP
siRNA (5'-AGAAUUAGCUCGAAUAGAA-3'; Dharmacon) using
Oligofectamine (12252011; Invitrogen) following the man-
ufacturer’s instructions. Cells were fixed as indicated in figure
legends and in the text and immunolabeled. To deplete Cep192,
pericentrin and Cepl52 for Fig. 4, E-G, mitotic cells were shaken
off and replated to 75-cm? cell culture flasks; 2 h later, they were
transfected with Cepl92 siRNA (5'-GCUAGUAUGUCUGAUACU
UGG-3'; Dharmacon), Cep152 siRNA (sc-90225; Santa Cruz),
or pericentrin siRNA (sc-45456; Santa Cruz). 20-24 h after
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transfection, mitotic cells were collected and replated to 25-mm
round glass coverslips. 2 mM hydroxyurea (H8627; Sigma-
Aldrich) was added 2 h later to synchronize cells in S phase and
minimize cell cycle-related variability in the levels of cen-
trosomal PCM proteins. After 12 h of S phase arrest, cells were
fixed and immunolabeled for CPAP or depleted proteins. Non-
targeting siRNA (5'-UGGUUUACAUGUCGACUAA-3'; Dharma-
con) was used in all siRNA experiments as a control.

Generation of HeLaPAP-AID and DLD-1°PAP-AID cell lines

To generate monoclonal cell lines expressing auxin-dependent
degradable CPAP, two plasmids were generated. The first is a
CRISPR plasmid (pX458-Cas9-CPAP-gRNA) that contains a nu-
clease gene Cas9 and a specific sgRNA sequence (5'-GCTGGG
GTCATATTAAATCGTGG-3') targeting exon 2 of the endogenous
CPAP gene. The plasmid was generated based on the CRISPR
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plasmid pX458 (Addgene plasmid 48138; Ran et al., 2013). The
second plasmid (pAID1.1C-T2A-Bsr-CPAP-AID), generated based
on pAIDLIC-T2A-Bsr (a kind gift from Dr. Tatsuo Fukagawa’s
Lab; Nishimura and Fukagawa, 2017), contained TIR!1 (transport
inhibitor response 1) gene, blasticidin S resistance gene, and
AlID-tagged CRISPR-resistant CPAP cDNA (with several sense
mutations at the sgRNA site). To make CPAP-AID resistant to
CPAP gRNA, a part of the CPAP cDNA sequence was mutated as
follows: 5'-ATGACCAATCCTTCTCGGGCTGGGGTCATATTAAAT
CGTGG-3' into 5-ATGACAAACCCCTCCAGAGCCGGCGTGATC
CTGAATCGTGG-3'. CPAP cDNA also contained silent mutations
in sequence 5'-AGAATTAGCTCGAATAGAAGA to AGAGTTAGC
TAGGATCGAAGA-3’, which rendered it resistant to siRNA
(Kohlmaier et al., 2009). Plasmids were cotransfected at a molar
ratio of 4:1 (CPAP-AID:CRISPR) using Lipofectamine 2000
(11668027; Thermo Fisher Scientific) following the manu-
facturer’s instructions. To facilitate inactivation of all copies of
CPAP genes, HeLa®"C*P cells were transfected twice (Fig. 2 A).
2 d after transfection, cells were replated in medium containing
Blasticidin (1 and 5 pg/ml for HeLa and DLD-1, respectively).
Blasticidin-resistant clones were isolated and individually
screened by Western blot and immunofluorescence, comparing
CPAP-AID levels before and after addition of 500 uM of IAA
(15148; Sigma-Aldrich) for 2 h. To confirm inactivation of en-
dogenous CPAP loci by a frame-shift mutation, a DNA fragment
covering the CPAP gRNA targeting site was amplified from
positive HeLaCPAP-AID clones and sequenced. To degrade CPAP-
AID in established cell lines, 500 pM of IAA was added to the
culture medium for the time indicated in the figure panels.

Generation of HeLaCPAP-AID/CPAP-HAdox ce|| |ine

To generate a polyclonal cell line stably expressing inducible
CPAP fused with HA tag, we used PiggyBac Transposon/Trans-
posase genetic modification system. A cargo plasmid pCE0934_
Dox-PB-CPAP-WT-2X-HA (modified from Wang et al. [2014])
contained an siRNA resistant CPAP cDNA (with silent mutations
in sequence 5'-AGAATTAGCTCGAATAGAAGA3' to 5'-AGAGTT
AGCTAGGATCGAAGA3'; Kohlmaier et al., 2009), tagged with
two HA sequences on its C terminus and was flanked with in-
verted terminal repeats. The cargo plasmid and SPB plasmid
(PB210PA-1; System Biosciences) expressing transposase were
cotransfected to HeLaC®PAP-AID cell line at a 4:1 ratio using
FuGENE-HD (E2311; Promega), following manufacturer’s
instructions. 2 d later, 2 pg/ml of puromycin was added to the
culture medium for 10 d until puromycin-resistant colonies
emerged. CPAP-HA was induced by 1 ug/ml doxycycline, and the
presence of CPAP-HA was confirmed using anti-HA antibody
(sc-7392; Santa Cruz) and CPAP-Ct antibody.

MT regrowth after cold and nocodazole treatment

HeLaCPAP-AID op DLD1CPAP-AID cells were plated on coverslips 1 d
before the experiment. IAA was added to some plates 2.5, 6, or
48 h before MT depolymerization. The coverslips with cells were
incubated for 20 min on ice to depolymerize MTs. The medium
was rapidly replaced with prewarmed (37°C) medium, and the
coverslips were transferred to 37°C for 20 s and fixed with ice-
cold methanol for 8 min at -20°C before immunostaining. DLD-1
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cells were treated with 4 pM nocodazole for 30 min to depoly-
merize MTs. To allow MT regrowth, cells were incubated at 37°C
for 30 s with PHEM buffer (100 mM Pipes, 10 mM Hepes, 5 mM
EGTA, and 2 mM MgCl,, pH 7.0) + 0.05% Triton X-100, incu-
bated in 1.5% glutaraldehyde for 5 min, rinsed for 10 min in 1x
PBS, and incubated for 20 min in NaBH,. Cells were rinsed 3x
for 10 min in 1x PBS, followed by immunolabeling. Images of MT
asters were recorded in wide-field mode collecting 0.2-pm z
sections and deconvoluted before being assembled in image
panels. The total intensities (for HeLa) or the area occupied by
the a-tubulin asters surrounding centrosomes (for DLD-1) were
measured from un-deconvoluted projected z sections. Two dif-
ferent quantification methods yielded similar results.

EB3 comet displacement assay

Cells were plated on coverslips and transfected with a plasmid
encoding mCherry-EB3 (a kind gift from Dr. Irina Kaverina,
Vanderbilt University, Nashville, TN) using GenJet (SignaGen
Laboratories) following the manufacturer’s instructions. ~24 h
after transfection, cells were mounted in Attofluor Cell cham-
bers (A7816; Thermo Fisher Scientific) and imaged using an
Eclipse Ti inverted microscope (Nikon) equipped with a Yoko-
gawa spinning disc (Yokogawa Electric Corp.), 405-, 488-, 561-,
and 640-nm laser launch (MCL-400; Agilent Technology), and a
back-illuminated EMCCD camera (DU888; Andor), 100x, NA
1.42, Plan Apo objective, with a 2x relay lens placed before the
spinning disc. A time-lapse over 1 min was recorded imaging one
z plane each 1 s, using 200-ms exposure time. 4-s time projec-
tions were generated in Fiji (National Institutes of Health). The
length of the comet over a 4-s period was determined if the same
comet appeared over more than one 4-s timeframes. The dis-
placement of the EB3 comets in 1 s was calculated and plotted.

Sample preparation for expansion microscopy

Samples for expansion microscopy were prepared using the
protocol established previously (Kong and Loncarek, 2021;
Sahabandu et al., 2019). Briefly, cells growing on glass coverslips
or conventionally immunolabeled cells on coverslips (see Im-
munofluorescence) were fixed or postfixed, respectively, with
4% formaldehyde (15686; Electron Microscopy Sciences) in 1x
PBS at RT for 1 h. After fixation, the coverslips were incubated at
40°C for 16 h in a solution containing 30% acrylamide (A4058;
Sigma-Aldrich) and 4% formaldehyde in 1x PBS. Cells were
washed three times in 1x PBS (10 min each at RT). Coverslips
were placed on a parafilm-covered Petri dish floating in an ice-
cold water bath. Precooled gelling mixture (20% acrylamide, 7%
sodium acrylate [408220; Sigma-Aldrich], 0.04% bis-acrylamide
[A9926; Sigma-Aldrich], 0.5% ammonium persulfate [248614;
Sigma-Aldrich], and 0.5% tetramethylethylenediamine [411019;
Sigma-Aldrich]) was pipetted onto the coverslips and incubated
on ice for 20 min and then 1-2 h at RT. After gel polymerization,
a 4-mm biopsy puncher (33-34-P/25; Integra Miltex) was used to
excise multiple punches from the gel. Excised punches were
placed in a 50-ml tube and dry-preheated at >90°C for 10 min.
SDS solution (200 mM SDS, 200 mM NaCl, and 50 mM Tris, pH
9.0), preheated to >90°C, was added to the punches, which were
boiled in SDS solution for 1 h at >90°C, with swirling every
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10 min. After boiling, SDS solution containing punches was
cooled to RT, and SDS was removed by exchanging 1x PBS every
20 min for the first 2-3 h, followed by an overnight wash in 1x
PBS at 4°C. Punches were immunolabeled as described in
Immunofluorescence below.

Immunofluorescence

Cells were fixed in 1.5% formaldehyde for 4 min, postfixed in
100% methanol at —20°C for 1-4 min, washed in 1x PBS, blocked
in IF buffer (1% BSA [A9647; Sigma-Aldrich] and 0.05% Tween-
20 [P9416; Sigma-Aldrich], in 1x PBS) for 15 min, and incubated
with primary antibody diluted in IF buffer at 37°C for 1-2 h.
After washing, cells were incubated with secondary antibody,
diluted in IF buffer, and incubated at 37°C for 1 h. To visualize
DNA, cells were stained with a 1:3,000 dilution of Hoechst 33342
(H3570; Thermo Fisher Scientific) in 1x PBS.

Immunolabeling of excised punches for expansion micros-
copy was conducted as follows: punches were blocked in IF
buffer for 1-2 h at RT and incubated with primary antibody
diluted in IF buffer for 48 h at 4°C. Punches were washed in 1x
PBS for 1-2 h and incubated with secondary antibody and DAPI
(1:10,000 final dilution; D1306; Thermo Fisher Scientific) in IF
buffer for 24 h at 4°C. After immunostaining, the samples were
expanded with deionized H,O for 2 h at RT with deionized H,0
exchanged every 10 min, and additionally overnight at 4°C. Before
imaging, expanded punches were mounted in Rose chambers,
Attofluor cell chambers, or glass-bottom Microwell dishes
(P35G-1.5-14-C; MatTek). A complete list of primary and secondary
antibodies and their dilutions are provided in Tables S1 and S2.

Wide-field microscopy

Wide-field images were acquired using an inverted Eclipse Ti or
Ti2 inverted microscope (Nikon), equipped with an ORCA-
Flash4.0 V3 (Hamamatsu), Intensilight C-HGFIE illuminator,
and Lumencor SPECTRA light engine (Lumencor), using a 100x,
NA 1.42 and 1.45 Plan Apo objective, and with a 1.5x magnifying
tube lens. 200-nm-thick z sections spanning the entire cell or
the entire centrosome, as needed, were acquired. Fiji and NIS
Elements software were used to make maximal-intensity pro-
jections and assemble image panels. AutoQuant X3 software
(MediaCybernetics) was used for deconvolution.

2DSTED microscopy

Coverslips with immunolabeled cells were mounted in a
homemade mounting medium (90% glycerol, 100 mM Tris, pH
8.0, and 0.1 mg/ml p-phenylenediamine [695106; Sigma-
Aldrich]). 2DSTED imaging was performed using STEDYCON
(Abberior Instruments) assembled on an Eclipse Ti2 inverted
microscope (Nikon) with a 100x, NA 1.45 Plan Apo objective.
Avalanche photo detectors (650-700, 575-625, and 505-545 nm;
DAPI detection) were used to detect the signals. Browser-based
control software (Abberior Instruments) was used to generate
2DSTED images. Imaging conditions were as follows: excitation/
detector wavelength, 561/616 nm and 640/660 nm for STAR
ORANGE and STAR RED (Table S2), respectively; gate delay and
width, 1 and 6 ns. Wide-field images of the centrosomes were
acquired before 2DSTED.
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3DSTORM

Cells plated on coverslips were fixed and labeled with primary
antibodies. CF647-conjugated FAB2 antibodies (Biotium) were
used at 1:800 dilution to label primary antibodies. Before
STORM imaging, samples were layered with 100 nm tetra-
spectral fluorescent spheres (T7279; Thermo Fisher Scientific),
which served as fiducial markers. Coverslips were mounted in
Attofluor Cell chambers (Thermo Fisher Scientific) and im-
mersed in imaging buffer (25 mM B-mercaptoethylamine
[30070; Sigma-Aldrich], 0.5 mg/ml glucose oxidase [G2133;
Sigma-Aldrich], 67 pg/ml catalase [C40; Sigma-Aldrich], and
10% dextrose [D9434; Sigma-Aldrich], in 100 mM Tris, pH 8.0).
3DSTORM imaging was performed on a N-STORM4.0 assembled
on an Eclipse Ti2 inverted microscope (Nikon); a super-
resolution high-power Apo TIRF 100x, NA 1.49 oil objective;
405-, 561-, 488-, and 647-nm excitation laser launch; and a back-
illuminated EMCCD camera (DU897; Andor). The 647-nm laser
line (150 mW out of the fiber and ~90 mW before the objective
lens) was used to promote fluorophore blinking. The 405-nm
laser was used to reactivate fluorophores throughout the imag-
ing process. The 561-nm laser was used to record the signals of
fiducial markers. 15,000-30,000 time points were acquired at a
50-Hz frame rate each 16-20 ms. NIS Elements (Nikon) was
used to analyze and present the data. Before STORM imaging,
centrosomes were recorded in wide-field mode. 3DSTORM data
is presented as a projection of the entire 3D volume. A rainbow
z-color-coding scheme, typically spanning ~650 nm of an
imaging z range, was used for signal presentation. The signals
closer to the coverslip were presented in red, and those further
from the coverslip in blue. When needed, 3DSTORM images
were overlaid with the mask indicating centriole orientation. 3D
images were rotated in the volume viewer of the original Nikon
software.

EM

Cells grown on glass coverslips were fixed in 2.5% glutaralde-
hyde (G5882; Sigma-Aldrich) and 0.25% formaldehyde in 1x PBS
(pH 7.4) for 1 h at RT. Centriole position within the target cells
was recorded, and the position of the cells was marked on the
coverslip. Cells were prestained with 1% osmium tetroxide
(19100; Electron Microscopy Sciences) and 1% uranyl acetate
(22400; Electron Microscopy Sciences), dehydrated in ethanol,
and embedded in EMbed-812 resin (13940; Electron Microscopy
Sciences). 80-nm-thick serial sections were sectioned, trans-
ferred to the formvar-coated copper grids (2330P-XA; SPI Sup-
plies), and stained with uranyl acetate and lead citrate. Samples
were imaged using an FEI Tecnai 12 Spirit transmission electron
microscope operating at 80 kV. Image analysis was performed in
Photoshop and Fiji. Centriole length was determined from one of
the sections of centrioles sectioned longitudinally or near-
longitudinally. Centriole width was determined from cen-
trioles in various favorable orientations.

Image acquisition, analysis, processing, and data presentation

Within one experiment, images were acquired under identical
imaging settings. The levels of fluorescent signals were some-
times differentially adjusted on image panels to improve the
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visibility of the dimmer signals, such as Centrinl-GFP signals.
Such adjustments were not performed if quantitative compari-
son between centrosomal proteins was the goal of illustration.
Maximum-intensity projections of all acquired z slices are pre-
sented for wide-field images. For some expansion microscopy
recordings, only the central section through the centriole is
presented.

Fluorescence intensity measurement

Florescence intensity measurements in wide-field recordings of
centrosome-associated proteins were done using Fiji. 200-nm-
thick z sections spanning all centrosomes were recorded.
Maximum-intensity projections of all z slices were generated.
The integrated density of centrosome-associated signals was
measured within a defined area of a constant size encircling the
centrosome. The background intensity of an equivalent area
adjacent to each centrosome was recorded and subtracted from
the signal intensity. The intensities of luminal mother centriole
CPAP signals were determined from 2DSTED images. Centrioles
were colabeled for CPAP and imaged in two colors. y-tubulin
signal was coimaged and used as a marker for centriole orien-
tation. When the PCM CPAP signal was present on centrosomes,
only centrioles oriented vertically or almost vertically to the
coverslip were used for quantifications, to eliminate the con-
tamination of the luminal with the PCM signals. Within one
experiment, the same labeling and imaging conditions were kept
across samples, and imaging conditions were chosen to avoid
saturation of the signal. The integrated density of luminal CPAP
signals was measured in Fiji within a circular area of 200-nm
diameter (pixel size = 10 nm) encircling the luminal CPAP signal.
The intensity of an equivalent circular background area adjacent
to the centrosome was recorded and subtracted from the mea-
sured luminal signal.

Statistical analysis

Statistical difference between two sets of data was determined
in Excel using an unpaired, two-tailed Student’s t test with equal
or nonequal variance. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Box-
and-whisker plots show the minimum and maximum, median
line, upper and lower quartiles, and all or none data points.
Histograms show average values + SD. Sample sizes (the number
of analyzed cells, centrosomes, or centrioles) are indicated on
the plots or in the figure legends.

Number of independent experiments performed in this study

Fig. 1: STORM, experiment done >3x with similar results; data
shown from multiple experiments; STED, experiment done 2x
with similar results; data shown from both experiments. Ex-
pansion experiment done 2x with similar result. Fig. 2 B: Ex-
periment done 1x for immunoblot. CPAP centrosome intensity
quantifications from two experiments. Fig. 2 C: Experiment
done 1x. Fig. 2 D: Experiment done 1x. Fig. 2 E: Experiment done
>3x with similar results. Quantifications are from one experi-
ment; data align with quantifications in Figs. 3 and 4. Fig. 2 F:
Experiment done 1x, data align with immunoblot data. Fig. 2 H:
Experiment done 1x, data in agreement with the rest of the data.
Fig. 2 I: Experiment done 1x with Cep152/Sas-6 staining and >3x
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with Centrin-GFP/CPAP staining. Quantifications from one ex-
periment. Fig. 3, A-C: Experiment done 2x, quantifications from
one experiment. Fig. 3, D-F: Experiment done 2x, quantifica-
tions from one experiment. Fig. 3, H-J: 24- and 40-h repeated 2x,
60-h done 1x. STED images from one experiment. Fig. 4 A: Ex-
periment done 3x with similar results; data shown from one
experiment. Fig. 4 B: Experiment done 2x with similar results;
data shown from one experiment. Fig. 4 C: Experiment done 3x
with similar results; data shown from one experiment. Fig. 4 D:
Transfection done 3x. Correlative time-lapse data collected from
two cells with similar results (one shown). Recordings were
additionally repeated for five control and five IAA-treated cells
(2.5-6 h of TAA treatment) and showed similar results. Fig. 4,
E-I: siRNA experiment done 1x, HeLa knockout cells analyzed 2x
with similar results, RPE-1 knockout cells 1x. Quantifications of
CPAP phenotypes from all experiments. Microscopy done 2x;
data shown from one experiment. Fig. 5, A and B: Experiment
done 3x with similar results; data shown from one experiment.
Fig. 5 C: Experiment done 3x with similar results; data shown
from one experiment. Fig. 5 D: Experiment done 2x with similar
results; data shown from one experiment. Fig. 6 A: Experiment
done 2x with similar results; data shown from one experiment.
Fig. 6 B: Experiment done 3x with similar results; data shown
from three experiments. Fig. 6 C: Experiment done 3x with
similar results; data shown from one experiment. Fig. 6 D: Ex-
periment done 2x with similar results; data shown from one
experiment. Fig. 6 E: Experiment done 2x with similar results;
data shown from one experiment. Fig. 7 A: Expansion repeated
2x with similar results; data shown from one experiment. Data
in agreement with the rest of expansion data. From one large,
expanded sample (one coverslip with cells = one sample), mul-
tiple smaller samples were excised and individually immunola-
beled and imaged. Fig. 7 B: Expansion and assessment of centriole
morphology after IAA treatment repeated >3x with slight var-
iations in timing. Quantifications in B and C from 1 experiment.
Fig. 7, D-H: Expansion done 1x, data in agreement with expan-
sion data in Fig. 7 A. From one large, expanded sample (one
coverslip with cells = one sample), multiple smaller samples
were excised and individually immunolabeled and imaged.
Fig. 8: Experiment done 2x with similar results. Data shown from
both experiments, 66 cells analyzed in total. Fig. S1 A: 2DSTED of
SAS-6 done >5x with similar resolution. Fig. S1 B: Experiment
done 2x with similar results, cells imaged from both experi-
ments. Fig. S2 A: 15-min pulse time point repeated 4x with
various intervals after shake-off time, 60-min IAA pulse once.
Quantifications shown in A from one experiment. Fig. S2 B:
Experiment repeated 1x. Immunoblot of HeL.aCPAP-AID/CPAP-HAdox
cells under different conditions done two more times (not de-
picted). Fig. S2 C: Experiment done 2x; images from one ex-
periment. Additional experiment in hydroxyurea-arrested cells
done 1x. Fig. S2 E: STED imaging done for two experiments.
Images shown in Fig. S2 D from one experiment. Fig. S3 B: Ex-
periment done 2x. Images and quantifications from one experi-
ment. Fig. S3, C and D: Experiment done 2x with similar results;
images from one experiment. Fig. S4, B and C: Experiment done
2x with slightly different conditions, with similar results; data
from one experiment. Fig. S4 D: 40-h timepoint repeated
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2x, 60-h timepoint done 1x. STED images from one experiment.
Fig. S5: From the same dataset as in Fig. 7, E-G. Expansion done
1x, data in agreement with Fig. 7 A. From one large, expanded
sample (one coverslip with cells = one sample), multiple smaller
samples were excised and individually immunolabeled and
imaged.

Online supplemental material

Fig. S1 contains resolution of 2DSTED and measurements of
CPAP signals. Fig. S2 contains centriole-associated CPAP deg-
radation from centriole lumen and its dynamic association with
centrioles. Fig. S3 contains characterization of DLD-16PAP-AID
cells and the effect of CPAP degradation on centriole structures
in this cell line. Fig. S4 contains the effect of CPAP removal on
recruitment of PCM in mitosis by structurally intact mother
centrioles. Fig. S5 contains localization of centrosomal proteins
on expanded HeLa®-S? and HeLaCPAP-AID centrioles after ~48 h
of TAA treatment. Tables S1 and S2 list primary and secondary
antibodies and their dilutions, respectively.
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Figure S1. Resolution of 2DSTED and quantification of CPAP signals. (A) Mother centriole-specific PCM protein Cep152 and procentriole-specific protein
Sas-6 were immunolabeled and imaged with 2DSTED. Sas-6 forms a small toroid within proximal procentriole lumina, which can be resolved using 2DSTED.
Intensity plot through the Sas-6 toroid is shown. The length of the Sas-6 signal at half width at half maxima indicates resolution of 2DSTED of 232-43 nm
(magenta). (B) Quantification of CPAP signal dimensions from superresolution images in S phase-arrested HeLa“®PA® and cycling RPE-1°"6FP, using criteria
illustrated by the cartoon. n = centrosome number. Scale bar in A. 0.5 um. ***, P < 0.001.
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Figure S2. Centriole-associated CPAP can be degraded from centriole lumen and is dynamically associated with centrioles. (A) Loss of the luminal
CPAP from G1 centrioles in HeLa“PAP-AID cells after 15 min and 1 h of IAA treatment. Scheme depicts experimental strategy. Mitotic cells were shaken off and
replated, and some cells were immediately treated with IAA to degrade CPAP. The second sample of cells was left untreated, and the third sample was treated
for the last 15 min before fixation. All samples were fixed 60 min after shake-off, immunolabeled for CPAP and y-tubulin, and imaged using 2DSTED. The
intensity of luminal CPAP was determined from 2DSTED images. y-tubulin was used as a marker for centriole orientation and centriole identification during
imaging. The analysis shows that centriole-associated CPAP (which in early G1 consists of only luminal CPAP, as the PCM CPAP population is absent from early
G1 centrioles; Fig. 1 C) is already reduced in IAA-treated cells after 15 min of IAA treatment. (B-D) Characterization of Hel.aCPAP-AID/CPAP-HAdox cq|| [ine that
expresses CPAP-AID constitutively and CPAP-HA inducibly, after doxycycline (dox) addition. (B) Immunoblot showing CPAP-AID levels and expression dy-
namics of CPAP-HA after dox addition. Newly synthesized CPAP-HA is expressed in cells 4 h after dox addition. (C) Cells were treated as depicted by the
scheme. Wide-field images of centrosomal total CPAP (detected by anti CPAP-Ct antibody) and newly synthesized CPAP-HA (detected by anti HA antibody) are
shown. (D) 2D STED images of centrosomes showing incorporation of CPAP-HA to centrosomes of all ages. Note that the faint CPAP-HA signal visible in
untreated samples in S2D is due to the cross talk of STARORANGE and STARRED dies used to detect total CPAP and HA by STED. Scale bars: 10 um (C); 1 pm
(inset in C); 0.5 um (D). ***, P < 0.001. Source data are available for this figure: SourceData FS2.
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Figure S3. Characterization of DLD-1°PAP-AI cells and the effect of CPAP degradation on centriole structure in this cell line. (A) Sequencing result
confirming the inactivation of endogenous CPAP alleles in DLD-1°PAP-AID cells by a point mutation (red arrows). Immunoblot represents the efficiency and
dynamics of CPAP-AID degradation in DLD-1°PAP-AID cells after IAA addition. Microscopy image shows decreased centrosomal CPAP levels after 6 h of IAA
treatment. Centrosome-associated CPAP-AID signal is significantly reduced in IAA-treated cells. (B) MT nucleation recovery after nocodazole washout. 1AA
treatment for 6 h does not change the size of MT asters after nocodazole washout. (C) Examples of expanded centrioles from control and I1AA-treated DLD-
1CPAP-AID cells. Cycling cells were treated with IAA for 24 and 48 h, expanded approximately fourfold, immunolabeled using acetylated tubulin to label centriole
MT walls, and imaged using a conventional wide-field microscope. Control G1 cells contain two intact centrioles of similar sizes. After 24 h of I1AA treatment,
most G1 cells contain one full-length mother centriole and one short and/or narrow daughter centriole. The lower two panels illustrate cells containing short
and/or broken duplicated mother centrioles in cells treated with IAA for 48 h. (D) Quantification of mitotic spindle morphology in DLD-1PAP-AID cells treated
with IAA for 46 h and immunolabeled for y-tubulin. Graph shows percentage of cells. Examples of symmetric, asymmetric, and acentrosomal mitoses are
shown. Scale bars: 5 um (B); 0.5 um (inset in B); 2 um (C); 5 pm (D). Source data are available for this figure: SourceData FS3.
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Figure S4. The effect of CPAP removal on recruitment of PCM in mitosis by structurally intact mother centrioles. (A-C) Characterization of PCM
recruitment by intact mother centrioles in RPE-1 cells after CPAP depletion. RPE-1 cells were collected by shake-off, replated, and transfected with CPAP siRNA
or control non-targeting siRNA ~2 h later. Cells were fixed 24 h after shake-off, when they were undergoing mitosis. Cells were immunolabeled for PLK1,
Cep215, and pericentrin, and analyzed by microscopy. Please note that all cells at the time of fixation harbor structurally intact mother centrioles formed before
CPAP depletion. (A) Cartoon depicting the effect of various levels of CPAP depletion by siRNA on centriole duplication. (B) Examples of mitotic cells im-
munolabeled for indicated PCM proteins after CPAP depletion. Mother centriole duplication status is indicated above the image. Cells with unduplicated
mother centrioles were considered depleted for CPAP. The images show that both control and CPAP-depleted mother centrioles contain similar levels of PCM
components. (C) Quantification of PCM signals on centrosomes formed by control or CPAP-depleted mother centrioles. (D) Characterization of y-tubulin
recruitment by intact mother centrioles in HeLa®PAP-AID cells after CPAP degradation. HeLa®PAP-AID were shaken off and 2 h later treated with IAA to degrade
CPAP and with centrinone to prevent duplication of mother centrioles (see Fig. 3 G). Cells were fixed 40 or 60 h after shake-off, when they were undergoing
their second and third mitosis, respectively. Cells were immunolabeled for y-tubulin and CPAP and imaged by wide-field. Corresponding centriole-containing
spindle poles were additionally imaged using 2DSTED. Images show examples of mother centriole-containing spindle poles. In IAA-treated cells, mother
centriole-associated CPAP is reduced or undetectable. However, y-tubulin is accumulated to mitotic spindle poles at levels comparable to the controls.

Cartoons depict mitotic figures present in the population at indicated times. n = centrosome number. Scale bars: 5 um (B); 10 pum (D); 1 um (enlarged centrioles
in D).
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Figure S5. Localization of centrosomal proteins on expanded HeLa““¢FP and HeLa®AP-AID centrioles after 36-48 h of IAA treatment. Cells were
treated with IAA for 36-48 h, fixed, expanded, and immunolabeled for indicated centriolar proteins (magenta) and acetylated tubulin (green). Both control
centrioles and short centrioles contain indicated centrosomal proteins. Arrows point to individual proteins, to facilitate interpretation. Proximal-distal polarity
is preserved on short and narrow centrioles in IAA-treated cells. On short centrioles, proximal and distal portions are both shorter than normal. Scale bar: 2 pm
(corresponding to ~0.25 um in unexpanded sample). This figure is associated with Fig. 6 of the main text.
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Provided online are Table S1 and Table S2. Table S1is a list of primary antibodies and their dilutions. Table S2 is a list of secondary
antibodies and their dilutions.
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