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Parental centrioles are dispensable for
deuterosome formation and function during basal
body amplification
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Abstract

Mammalian epithelial cells use a pair of parental centrioles and
numerous deuterosomes as platforms for efficient basal body
production during multiciliogenesis. How deuterosomes form and
function, however, remain controversial. They are proposed to
arise either spontaneously for massive de novo centriole biogenesis
or in a daughter centriole-dependent manner as shuttles to carry
away procentrioles assembled at the centriole. Here, we show that
both parental centrioles are dispensable for deuterosome forma-
tion. In both mouse tracheal epithelial and ependymal cells (mTECs
and mEPCs), discrete deuterosomes in the cytoplasm are initially
procentriole-free. They emerge at widely dispersed positions in the
cytoplasm and then enlarge, concomitant with their increased
ability to form procentrioles. More importantly, deuterosomes still
form efficiently in mEPCs whose daughter centriole or even both
parental centrioles are eliminated through shRNA-mediated deple-
tion or drug inhibition of Plk4, a kinase essential to centriole
biogenesis in both cycling cells and multiciliated cells. Therefore,
deuterosomes can be assembled autonomously to mediate de novo
centriole amplification in multiciliated cells.
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Introduction

Centriole biogenesis in cycling cells is tightly controlled [1–4]. In G1

phase of the cell cycle, each cell contains a centrosome with a pair

of parental centrioles: the mother and daughter centrioles. In S

phase, the daughter centriole matures into a mother centriole. Both

the older and younger mother centrioles are then allowed to assem-

ble one nascent daughter centriole from a Cep63- and Cep152-

containing platform [5,6], located around their basolateral walls, by

restricting the levels and location of a critical protein kinase Plk4

[7–10]. Plk4 recruits and phosphorylates Stil, which then recruits

SAS6 to initiate centriole biogenesis [4,11–13]. The SAS6-containing

cartwheel further primes the assembly of other components such as

the centriolar microtubules and Centrin into a procentriole [7,14–

19]. In G2 phase, the daughter centriole assembly is complete.

Following mitosis, the two pairs of mother–daughter centrioles are

partitioned in the form of the centrosome into two progeny cells so

that constant centriole number can be maintained [3,20]. Overex-

pressing key regulators such as Plk4, Cep152, and SAS6 have been

shown to potentiate the centriole biogenesis ability of the parental

centrioles [7,11,21–23].

Epithelial tissues such as those in mammalian trachea, epen-

dyma, and oviduct are abundant in terminally differentiated cells

with dense motile cilia. These multiciliated cells each require up to

hundreds of centrioles to serve as basal bodies of their cilia [24–26].

To achieve this, the cells express high levels of proteins important

for the massive basal body production through transcriptional regu-

lators such as multicilin and E2f4 [27–32]. As a result, both parental

centrioles produce multiple daughter centrioles. Furthermore,

dozens of spherical structures termed deuterosomes emerge to

generate the majority of the basal bodies [33–35]. The deuterosome

adapts Deup1, a paralog of Cep63, and Ccdc78 to create a similar

but parental centriole-free platform of centriole biogenesis [27,36–38].

Its formation requires cytoplasmic E2f4 [32]. Fully assembled

centrioles are eventually released from their “cradles” by APC/C-

activated proteolysis and mature into basal bodies [39,40].

The origin and functions of deuterosomes, however, are still

controversial. Based mainly on electron microscopic studies,

deuterosomes have been proposed to either form autonomously and
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mediate parental centriole-independent, or de novo, centriole

biogenesis [3,33,34,41] or form and support procentriole biogenesis

in a parental centriole-dependent manner [42]. Our recent identifi-

cation of Deup1 enables further examinations of these hypotheses

using fluorescent microscopy. Our results in cultured mTECs

strengthen the first model because deuterosomes are found to

emerge massively, initially carrying fewer procentrioles (Fig 1A,

stage II), and then grow into larger ones with more associated

procentrioles (Fig 1A, stage III) [36]. A later study mainly using

cultured mEPCs, on the other hand, elaborates the second model by

proposing that all the deuterosome and procentrioles are initially

nucleated from the daughter centrosomal centriole. Deuterosomes

only function as shuttles to load and carry away these procentrioles

in the form of “halos” to facilitate centriole amplification (Fig 1B)

[43,44].

In this study, we sought to clarify the discrepancies using

cultured mTECs and mEPCs.

Results and Discussion

Discrete deuterosomes in mTECs do not initially exist as halos

The global increase in the number of deuterosome-associated

procentrioles from stage II to stage III in mTECs [36] clearly argues

against the mere “shuttle” role of the deuterosome. Nevertheless,

the initial procentrioles on the stage-II deuterosomes could still

come from the centrosomal daughter centriole. To clarify this, we

examined early events of deuterosome and procentriole formation.

mTECs can be induced to differentiate into multiciliated cells effi-

ciently by culturing at an air–liquid interface (ALI) [36,45,46]. As

mTECs thus cultured for 3 days were mainly at late stages of the

basal body production [36], we examined those at day 2 with three-

dimensional structured illumination microscopy (3D-SIM).

Consistent with our previous report [36], both parental centrioles

carried procentrioles in stage-II mTECs when they were both detected

(Fig 1C and D). By contrast, the size and number of the deuterosomes

and the status of their procentrioles, which were better defined by

using both Sas6 and Centrin as markers (Fig 1D) [47,48], varied

dramatically. For instance, a portion of the cells contained sparse,

small (/ = 210 � 60 nm), and usually procentriole-free deutero-

somes (Fig 1C–E: IIa), suggesting that they are in early stage II

(Fig 1F: IIa). In the remaining stage-II cells, deuterosomes were gener-

ally larger (/ = 280 � 50 nm; Fig 1E: IIb/c) and more abundant

(Fig 1C and D: IIb and IIc). Those mingled with deuterosomes either

without procentriole or with only one procentriole were presumably

in middle stage II (Fig 1C, D, and F: IIb). Sometimes, deuterosomes

of both small and large sizes were observed in these cells (Fig 1D:

IIb). By contrast, those with deuterosomes that were commonly

associated with 1–2 procentrioles were in late stage II (Fig 1C, D,

and F: IIc). In comparison, in stage-III mTECs deuterosomes were

340 � 50 nm in diameter (Fig 1E) and frequently associated with 3–

5 procentrioles (Fig 1C and F). Therefore, in mTECs discrete

deuterosomes do not initially carry procentrioles as indicated by Al

Jord and colleagues [43]. Neither does the marked increase in their

associated procentrioles during the progression from stage II to stage

III (Fig 1C) [36] fit the proposed shuttle function of the deuterosome

(Fig 1B) [43].

Murine Ccdc78, whose Xenopus orthologue is identified as a

deuterosome protein [38], was also used by Al Jord and colleagues

as a deuterosome marker in addition to Deup1 [43]. We thus

examined its subcellular localization but were unable to detect

deuterosome localization of endogenous or exogenous murine

Ccdc78 in mTECs. Both endogenous Ccdc78 and exogenous GFP-

Ccdc78 formed numerous puncta irrelevant to deuterosomes in

stages II–IV (Fig EV1A and B). In stage VI, they both showed

correlation with basal bodies (Fig EV1A and B). As exogenous

Deup1 can induce deuterosome-like structures in cycling cells

[36], we co-expressed Flag-Deup1 and GFP-Ccdc78 in U2OS cells

and still found no GFP-Ccdc78 on the deuterosome-like structures

in the human cells (Fig EV1C). Instead, GFP-Ccdc78 mostly deco-

rated a parental centriole (Fig EV1C). We have previously shown

that in differentiating mTECs, the expression patterns of proteins

involved in centriole amplification, such as Deup1, Plk4, Cep152,

and Sas6, are similar, but distinct from those involved in ciliary

biogenesis or functions, such as Odf2 and Ift57 [36]. Ccdc78,

however, was different from Deup1 in expression patterns but

analogous to centriolar appendage proteins Odf2 and Cep164 and

ciliary protein Ift81 (Fig EV1D) [25,49,50]. These results do not

suggest mammalian Ccdc78 as a deuterosome protein. We there-

fore only used Deup1 and Cep152 as deuterosome markers in the

following experiments.

Centriole amplification in mEPCs resembles mTECs

Next, we investigated whether the centriole amplification process in

mEPCs is different. Cultured progenitor cells isolated from P0 mouse

brain tissues can be induced to differentiate into multiciliated

mEPCs through serum starvation [51,52]. We examined the mEPCs

at day 2 or 3 postserum starvation because they were undergoing

active centriole amplification [43,53]. As Centrin-positive aggregates

were frequently observed in mEPCs, especially in the area around

the parental centrioles [54,55], we also used Sas6 as additional

procentriole marker [47,48].

We found that mEPCs could also be grouped into six stages

(Fig 2A and B), similar to mTECs (Fig 1A) [36]: (i) Those contain-

ing only a pair of Cep152-positive, Deup1-negative parental centri-

oles were in stage I; (ii) those containing small deuterosomes with

mostly 0–2 procentrioles were in stage II; (iii) those in the “halo”

or “flower” stages (see Fig 1B) [43], containing larger deutero-

somes commonly with 3–7 procentrioles, could be assigned to

stages III and IV, respectively. The stage-IV cells were also distin-

guished from those in stage III by the emergence of multiple

Cep152-positive protrusions from both deuterosomes and parental

centrioles. Their Centrin staining was also elongated as compared

to the punctate staining in the stage-III cells; (iv) those with

partially released basal bodies from their cradles were in stage V.

Their basal bodies still contained the Sas6-positive puncta; and (v)

those with fully released basal bodies negative for the Sas6 staining

were in stage VI (Fig 2A and B). Similar to mTECs [36,53], stage-

VI mEPCs also underwent multiciliogenesis (Fig 2C). Only their

basal bodies did not group into clusters (Fig 2A–C) as those do in

mTECs [36].

Quantifications indicated that 44.3 � 3.5% (day 2) and

45.3 � 3.9% (day 3) of the cells were morphologically in stage I

(Fig 2D). In addition to those that would soon undergo deuterosome
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formation, this population also contained cells of other fates

because 30–60% of mEPCs were multiciliated at day 5 or later [51–

53]. The mEPCs at early stages were more abundant at day 2 than

day 3. For instance, stage-II cells occupied 41.3 � 2.7% at day 2 but

23.8 � 5.0% at day 3 (Fig 2D). On the other hand, 17.4% of the

mEPCs were in stages IV–VI at day 3, whereas at day 2 only 4.1% of

the cells were in stages IV–V and no stage-VI cells were observed

(Fig 2D). These results further support the conclusion that mEPCs

progress from stage I to VI during their differentiation into multicili-

ated cells.

A B

C

D E

F

Figure 1. Discrete deuterosomes in mTECs are initially free of procentrioles.

A, B Two current models for the process of massive basal body formation based on studies in mTECs (A) and mEPCs (B). In (A), deuterosomes are proposed to form
spontaneously in stage II and each supports the assembly of 1–2 procentrioles. They grow in size and nucleate more procentrioles in stage III. Each parental
centriole also nucleates multiple procentrioles from stage II. Stage IV is characterized by the emergence of Cep152-positive protrusions, stage V by the releasing of
basal bodies from both deuterosomes and parental centrioles, and stage VI by the formation of basal body clusters under the apical side of the cell membrane [36].
In (B), deuterosomes are assembled at the lateral wall of the daughter centriole and released one by one as procentriole-occupied “halos” (the halo stage). During
this stage, parental centrioles also start to generate their own procentrioles. When the last halo is released, procentrioles on both deuterosomes and parental
centrioles start to mature simultaneously (the flower stage) and are eventually released as basal bodies (the basal body stage) [43]. Deup1, Cep152, Centrin, and
Sas6 are used as markers respectively for the deuterosome, both parental centriole and deuterosome, centriole (including procentriole), and procentriole.

C, D Representative mTECs containing early deuterosomes. mTECs cultured at an air–liquid interface for 2 days were immunostained for Cep152, Centrin, and Deup1 (C)
or Sas6 (D) and subjected to 3D-SIM. Parental centrioles (p1/p2; arrows) and typical deuterosomes (dt; arrowheads) are magnified 1.5× to show details. IIa: Parental
centrioles contain procentrioles; most deuterosomes are procentriole-free and usually small. IIb: A substantial portion of deuterosomes contains 1 procentriole;
deuterosomes are usually medium in size. IIc: Most deuterosomes contain 1–2 procentrioles; deuterosomes are usually medium in size. A stage-III cell, which
contained larger deuterosomes associated with more procentrioles, is shown in (C) for comparison. Scale bar, 1 lm.

E Deuterosome-size distributions in stage IIa, IIb/c, and III. For each group, the diameters of at least 348 deuterosomes were measured from 12 mTECs selected from
three independent experiments according to the stages. The bottom and top of the box represent the 25th and 75th percentiles, respectively. The band is the
median. The ends of the whiskers indicate the maximum and minimum of the data. Two-tailed unpaired Student’s t-test: ***P < 0.001.

F An illustration model for the progression of mTECs from stage IIa to III.
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For further clues on early phases of the deuterosome formation,

we examined the stage-II mEPCs in detail. We found that, similar

to mTECs (Fig 1), stage-II mEPCs could also be grouped into those

in IIa, IIb, and IIc (Fig 2E). The average deuterosome diameters

were 280 � 60 nm (IIa) and 330 � 60 nm (IIb/c), which were

smaller than those in stage-III mEPCs (390 � 80 nm; Fig 2F).

Furthermore, when both parental centrioles were detected in the

mEPCs at stage IIb or IIc, they all bore procentrioles (Fig 2E; also

see Fig 2A and B). This was also true for the cells in stage III or IV

(Fig 2A and B). In the stage-IIa mEPCs, however, parental centri-

oles that were with or without procentrioles were observed

(Fig 2E: IIa1 and IIa2). Therefore, even in mEPCs discrete

A

B C D F

E

Figure 2. mEPCs resemble mTECs in centriole amplification.

A Typical mEPCs representing different stages of centriole amplification. mEPCs cultured under serum starvation for 3 days were immunostained for Deup1, Cep152,
and Centrin, followed by imaging with 3D-SIM. Parental centrioles (p1/p2; arrows), typical deuterosomes (dt; arrowheads), and typical regions with basal bodies
(framed) are magnified 2× to show details. An illustration is provided for each set of the magnified images. Scale bar, 1 lm.

B Typical mEPCs at day 3, immunostained for Cep152, Sas6, and Centrin. The insets are arranged in the same sequence from left to right. Scale bar, 1 lm.
C Multicilia formation in a typical stage-VI mEPC. Acetylated tubulin (AC-tub) was used as ciliary marker. Note that the ciliogenesis is asynchronous. Scale bar, 1 lm.
D Stage distributions of mEPCs at day 2 and 3. The histograms represent mean values from three independent experiments. At least 108 cells were scored in each

experiment and condition. Error bars represent SD.
E Discrete deuterosomes in early stage-II mEPCs were also procentriole-free. mEPCs at day 2 were immunostained for Cep152, Sas6, and Centrin. The insets are

arranged in the same sequence from left to right. Scale bar, 1 lm.
F Deuterosome-size distributions. For each group, the diameters of at least 496 deuterosomes were measured from 32 mEPCs selected from three independent

experiments according to the stages. The bottom and top of the box represent the 25th and 75th percentiles, respectively. The band is the median. The ends of the
whiskers indicate the maximum and minimum of the data. Two-tailed unpaired Student’s t-test: ***P < 0.001.
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deuterosomes do not initially exist as “halos” as reported (Fig 1B)

[43], which makes it difficult to attribute all the procentrioles in

the halos to the daughter centriole.

Nascent deuterosomes emerge from a wide variety of locations
in mEPCs

To clarify the origin of the deuterosomes, we performed live cell

imaging by using GFP-Deup1 to directly label deuterosomes [36]. To

mimic the transient expression pattern of endogenous Deup1 [36],

we cloned the mouse Deup1 promoter and used it to drive GFP-

Deup1 expression (Fig 3A). We confirmed that GFP-Deup1 was

specifically expressed together with endogenous Deup1 and Plk4 in

differentiating mEPCs at day 3, but not in the progenitor cells

(Fig 3B and C). Its levels were low as compared to endogenous

Deup1 (Fig 3C) and would thus minimize possible side effects of

overexpression. 3D-SIM also confirmed its specific expression in the

cells undergoing centriole amplification and proper localization at

the center of deuterosomes (Fig 3D).

We imaged the differentiating mEPCs for deuterosome formation

events with spinning disk microscopy at 5-min intervals for up to

12.5 h from day 2.5. We performed serial z-stack sectioning at 0.5-

lm intervals to cover a depth of 20 lm and analyzed z-projections

of the images. Initially, we found that GFP-positive puncta, presum-

ably deuterosomes, moved rapidly and were difficult to trace over

time (Movie EV1). Impairing microtubule-dependent intracellular

A

B

E

C D

Figure 3. Deuterosomes emerge in a dispersed fashion in mEPCs.

A Schematic illustration of the lentiviral construct used in the experiment. A 2-kb mouse Deup1 genomic DNA fragment upstream of the first exon was used as the
Deup1 promoter to drive the expression of GFP-Deup1.

B Experimental scheme. Progenitors of mEPCs isolated from P0 mouse brain tissues were cultured for 6 days and infected with lentivirus described in (A) for 24 h,
followed by serum starvation (day 0) to induce differentiation.

C Specific expression of GFP-Deup1 in mEPCs. mEPCs treated as in (B) were collected at day 3 for immunoblotting to detect the indicated proteins (arrowheads). An
aliquot of the infected progenitor cells was cultured to day 3 without serum starvation and used as control. Gapdh served as loading control.

D Specific expression and deuterosome localization of GFP-Deup1 in mEPCs undergoing centriole amplification. mEPCs treated as in (B) were fixed at day 3;
immunostained to visualize GFP, Cep152, and Centrin; and imaged with SIM. The insets are magnified images (1.5×) for deuterosomes (arrowhead) and parental
centriole (arrow). Note that the top cell was not undergoing centriole amplification. Scale bar, 2 lm.

E Representative frames cropped from Movie EV2 to show the emergence of deuterosomes (encircled) in live imaging. Elapsed time is shown as h:min:s. The first two
deuterosomes are marked, because they were traceable, and magnified 2× to show details. Scale bar, 2 lm.
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transport [56] by treating the cells with nocodazole (0.5 lg/ml), a

microtubule-destabilizing drug, markedly slowed down the deutero-

some motilities. In the presence of nocodazole, we captured 15 cells

that initiated their deuterosome biogenesis during the imaging

(Fig 3E and Movie EV2) and 16 cells that already contained deutero-

somes from the beginning and showed increased numbers of their

deuterosomes over time (Movie EV3). Although clearly tracing

every deuterosome was still difficult, the deuterosomes were found

to initially emerge as tiny dim foci and enlarged dramatically over

time with accordingly increased GFP-Deup1 fluorescent intensity

(Fig 3E, and Movies EV2 and EV3). More importantly, nascent

deuterosomes emerged at widely dispersed positions in these cells.

Multiple deuterosomes were observed to appear from different loca-

tions within minutes or an hour (Fig 3E, and Movies EV2 and EV3).

These results are in sharp contrast to the observations by Al Jord

and colleagues that deuterosomes require hours to form only at the

daughter centriole and release from it [43]. Therefore, they strongly

suggest that deuterosomes self-assemble efficiently.

Parental centrioles are dispensable for deuterosome formation

Next, we directly assessed the contribution of parental centrioles in

deuterosome formation. We reasoned that, as Plk4 is essential for

centriole biogenesis in both cycling and multiciliated cells [7–9,36],

A B

C

D

F

E G

Figure 4.
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its depletion in proliferating ependymal progenitors would result in

the cells with either one parental centriole or no parental centriole

(Fig 4A). Inducing their differentiation by serum starvation would

allow us to examine how the deuterosome formation is affected by

parental centrioles (Fig 4A).

We have previously established a lentivirus that can stably co-

express an infection marker GFP-Centrin1 with Plk4i, a short hairpin

RNA (shRNA) against the murine Plk4 mRNA [36]. We found that

infecting ependymal progenitors with the virus for 7 days before

serum starvation efficiently depleted Plk4 (Fig 4B and C). When Zo-

1, a tight junction protein [57], was used to mark cell boundaries,

co-staining Cep152 with a parental centriole-specific marker, Cep63

[5,36,58], indeed revealed that an average of 40.2% or 53.0% of the

ependymal progenitors respectively lost one parental centriole (1PC)

or both parental centrioles (0PC) immediately before serum starva-

tion (day 0; Fig 4D and E). In comparison, 99.8% of the cells infected

with a lentivirus co-expressing a control shRNA (Ctrli) with GFP-

Centrin1 contained two or more parental centrioles (≥ 2PC; Fig 4E).

Notably, 33.6% of the Plk4-depleted mEPCs at day 3 (n = 113

cells) were found to still contain deuterosomes (Fig 4D), which were

further confirmed by co-staining with Deup1 (Fig 4F). In compar-

ison, deuterosome-containing cells occupied 52.1% of the control

virus-infected mEPCs at day 3 (n = 71 cells). As expected, procentri-

ole formation was abolished in the Plk4-depleted mEPCs (n = 100

cells; Fig 4D and F). More importantly, 46.5% of the deuterosome-

producing cells had no parental centriole, whereas 43.5% of them

contained a single parental centriole (Fig 4D–F). Only a small

portion (10.0%) contained two or more parental centrioles (Fig 4E).

Quantifications revealed that deuterosome numbers in the mEPCs

with no or one parental centriole were very similar (Fig 4G). The

average numbers were 19.3 � 13.2 (n = 172 cells) and 19.2 � 12.4

(n = 156 cells), respectively. Deuterosome numbers increased

slightly in the control mEPCs (Fig 4G), with an average of

23.8 � 11.5 (n = 316 cells). These results indicate that parental

centriole is not important for deuterosome formation. The reduced

percentage of the deuterosome-containing Plk4-depleted cells at day

3 correlated with the reduced protein levels of Deup1 (Fig 4C),

suggesting a decreased differentiation potency of the progenitors,

possibly due to Plk4 depletion-induced self-renewal defects [59].

We also confirmed the parental centriole-independent deutero-

some formation by using Cep164 and Odf2, which localize to centri-

olar appendages of the mother centriole [32,49,50] or Centrobin, a

daughter centriole-specific protein [60], as markers, together with

Cep152 and GFP-Centrin1. In the control virus-infected progenitors

immediately before serum starvation (day 0), both parental centri-

oles were positive for Cep152 but only one of them (the mother

centriole) was positive for Cep164 and Odf2 (Fig 5A and B). By

contrast, in the Plk4-depleted cells at day 0 or 3, when only one

parental centriole was recognized, it was always double positive for

Cep152-Cep164 or Cep152-Odf2, indicating that this centriole is the

mother centriole (Fig 5A and B). Centrobin staining revealed that

mother centriole accounted for approximately 92% of the Plk4-

depleted progenitors with one parental centriole at day 0 (Fig EV2A

and B). At day 3, deuterosomes formed in the mEPCs with one or

no recognizable parental centriole (Fig 5A and B).

Immunostaining using the ciliary marker acetylated tubulin [61]

confirmed that a cilium (1.2 � 0.5 lm in length; n = 424) already

existed in the progenitors at day 0 (Figs 5C, and EV3A and B) as

reported [51]. The cilium became elongated at day 3 (3.9 � 1.4 lm
in length; n = 436; Figs 5C, and EV3A and B). Interestingly, some of

control virus-infected mEPCs at day 3 contained two cilia (Fig 5C).

Consistently, in some of the stage-III control mEPCs, both parental

centrioles were positive for Cep164 and Odf2 (Fig 5A and B),

suggesting maturation of the daughter centriole into a basal body.

This is interesting because in cycling cells the daughter centriole

needs to go through mitosis to mature into the mother centriole,

which possesses appendages and can serve as a basal body [2,15].

Possibly, this unexpected centriole maturation is rendered by the

recently reported mitosis-like program in the differentiating mEPCs

[39]. In addition, the bottom region of these cilia was usually

Centrin-positive (Fig 5C) [43]. This explains the frequent observa-

tion of a Centrin-positive stick over the appendages of the mother

centriole (Figs 2, 4, and 5), though its physiological significance

remains to be clarified.

To further corroborate the parental centriole-independent

deuterosome assembly, we treated ependymal progenitors with

centrinone, a chemical inhibitor of Plk4 [62] (Fig EV4A). We tested

different concentrations and found that 1.5 lM of centrinone

◀ Figure 4. Deuterosomes form efficiently in the absence of parental centrioles.

A, B Experimental design. Depletion of Plk4 will abolish centriole biogenesis and result in loss of one (1PC) or both (0PC) of the two parental centrioles (2PC) during the
proliferation of ependymal progenitor cells, which can then be used to examine how parental centrioles contribute to the deuterosome formation (A). We transfected
the progenitors prepared from P0 mouse brain tissues with lentiviral particles at day �7 to silence Plk4 expression and examined their progeny cells at day 0 and 3
(B).

C Confirmation of the Plk4 RNAi efficiency using mEPCs at day 3. The reduced expression of Deup1 in the Plk4-depleted cells is attributed to reduced multiciliate cell
differentiation.

D Typical cells immunostained for Zo-1, Cep152, and Cep63. GFP-Centrin1 expressed from the lentiviruses served as both infection and centriole markers. The green
fluorescence was enhanced using anti-GFP antibody and Alexa Fluor-488-conjugated secondary antibody. Parental centrioles (arrows) and representative
deuterosomes (dt; arrowheads) are magnified twofold to show details. An illustration is provided for each set of the magnified images. Parental centrioles were
identified based on the co-staining patterns of Cep63, Cep152, and GFP-Centrin1. The strong GFP-Centrin1-positive streaks or speckles in the Plk4-depleted cells are
not considered as centrioles because they did not co-stain with other centriolar markers. Scale bar, 1 lm.

E Parental centriole contents of the cells. The histograms represent mean values from three independent experiments. At least 186 cells at days 0 and 80 and
deuterosome-containing cells at day 3 were examined in each experiment and condition. Parental centrioles were identified based on the co-staining patterns of at
least two different centriolar markers. Error bars represent SD. Two-tailed paired Student’s t-test, **P < 0.01; ***P < 0.001.

F Confirmation of deuterosome formation in Plk4i-expressing mEPCs at day 3 by co-staining for Deup1 and Cep152. Parental centrioles (arrows) and representative
deuterosomes (dt; arrowheads) are magnified twofold to show details. Scale bar, 1 lm.

G Box plots for deuterosome numbers per cell. At least 156 deuterosome-containing cells from three independent experiments were examined. Deuterosomes were
scored as ring-shaped structures decorated by both Deup1 and Cep152 (F) or by Cep152 but excluding parental centrioles (E). The bottom and top of the box
represent the 25th and 75th percentiles, respectively. The band is the median. The ends of the whiskers indicate the 10th and 90th percentiles of the data. Two-tailed
unpaired Student’s t-test: ns, no significance; ***P < 0.001.
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A

B

C

Figure 5. Status of parental centrioles and deuterosome formation in the Plk4-depleted mEPCs.

A, B The remaining single parental centriole (1PC) was usually positive for centriolar appendage proteins Cep164 and Odf2. Cultured ependymal progenitors treated as
described in Fig 4B were immunostained to visualize Zo-1, Cep152, and Cep164 or Odf2. GFP-Centrin1, whose green fluorescence was enhanced using anti-GFP
antibody and Alexa Fluor-488-conjugated secondary antibody, served as both infection and centriole markers. Parental centrioles were identified based on the co-
staining patterns of Cep152, GFP-Centrin1, and Cep164 (A) or Odf2 (B). Representative parental centrioles (arrows) and deuterosomes (dt; arrowheads) were
magnified twofold to show details. An illustration is provided for each set of the magnified images. Scale bar, 1 lm.

C Cilium formation in progenitors (day 0) and mEPCs (day 3). Ependymal progenitors treated as described in Fig 4B were immunostained to visualize Cep152, GFP,
and acetylated tubulin (AC-tub; cilia marker). Note that the bottom region of the cilium is Centrin-positive. Scale bar, 1 lm.
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provided the best centriole depletion efficiency with low mortality

in ependymal progenitors (Fig EV4B). At 3.0 lM concentration, cell

death was prominent. We thus performed the subsequent experi-

ments using 1.5 lM concentration. When the DMSO-treated cells

were immunostained with Cep164, Cep152, and Centrin, they did

not display centriole loss at both day 0 and 3 (Fig EV4C and D). By

contrast, 51.6% of the centrinone-treated progenitors at day 0

contained no or one parental centriole (0PC + 1PC; n = 488 cells).

At day 3, 65.7% of the deuterosome-containing cells treated with

centrinone (n = 134 cells) contained no or one parental centriole

(Fig EV4C and D). Quantification indicated that the deuterosome

numbers in the cells with no parental centriole (34.2 � 16.2; n = 66

cells) or one parental centriole (35 � 12.9; n = 31 cells) were simi-

lar but increased as compared to the DMSO-treated cells

(20.7 � 11.1; n = 102 cells; Fig EV4E). The increase could be attrib-

uted to the limited sample size or other unknown effects of the drug.

In addition, procentrioles were observed on deuterosomes in most

centrinone-treated cells at day 3 (97%; n = 97 cells; Fig EV4D),

possibly due to the failure of the centrinone to inhibit the markedly

elevated levels of Plk4 in these cells (Fig 3C) [36]. Taken together,

we demonstrate that parental centrioles are not important for

deuterosome formation.

During the revision of the manuscript, two preprints posted

online in bioRxiv also report similar parental centriole-independent

deuterosome formation in centrinone-treated mTECs and mEPCs,

respectively [preprint: 63, preprint: 64]. One of the preprints

[preprint: 64] is posted by the same group that has previously

proposed the daughter centriole-dependent model of deuterosome

formation [43]. It is known that in cycling cells, centrioles can be

assembled de novo in the absence of parental centrioles [65–68]. The

presence of parental centriole inhibits the activation of the de novo

pathway to avoid deregulated centriole formation [65]. Apparently,

deuterosomes are able to efficiently form and fully function in the

absence of parental centrioles. Moreover, our live imaging results

(Fig 3; Movies EV2 and EV3) indicate that their spontaneous assem-

bly is not repressed by parental centrioles.

The efficient, spontaneous formation of deuterosomes (Figs 3–5

and EV4, and Movies EV2 and EV3) [preprint: 63, preprint: 64]

accordingly suggests that the daughter centriole does not possess a

unique mechanism to induce deuterosome assembly as proposed

[43,44]. Deup1 is sometimes observed to co-localize with Cep152 at

both the mother and the daughter centrioles (Fig 1C) [27,36]. The

parental centriole-localized Deup1 can even replace Cep63 to

sustain the centriole-dependent procentriole assembly [36]. Deutero-

somes may thus form from the centriolar Deup1, Cep152, Plk4, and

other unknown proteins, if any, through mechanisms identical or

similar to those that govern their autonomous assembly. Such

deuterosomes keep associated with parental centrioles until they are

released as halos [43]. Consistently, Mercey and colleagues also

provide evidence in their preprint to suggest that the mother centri-

ole is capable of deuterosome formation as well [preprint: 64].

The results to date also strengthen the idea that the deuterosome

indeed functions as a platform for massive de novo procentriole

biogenesis (Fig 1A) [27,36]. In centrinone-treated, parental centri-

ole-ablated mEPCs, procentriole-associated deuterosomes were still

observed (Fig EV4) [preprint: 64]. When centrinone was removed

at day 0, the deuterosomes exhibit similar ability to associate with

procentrioles as those in mEPCs with intact parental centrioles

[preprint: 64]. Nor are the total numbers of centrioles produced in

the parental centriole-ablated mEPCs reduced as compared to the

control cells [preprint: 64]. Similar situations occur in mTECs

[preprint: 63]. Therefore, deuterosomes are still fully functional in

procentriole biogenesis in the absence of parental centrioles.

Taken together, we propose that in differentiating multiciliated

cells, deuterosomes form mainly in the cytosol and less frequently

at the parental centrioles. Both the deuterosomes and the parental

centrioles induce procentriole biogenesis to maximize the efficiency

of the centriole amplification. Although multiple studies suggest that

the centriole amplification processes are similar in multiciliated

tissues and in vitro cultured multiciliated cells [43,45,46,69], future

studies are still required to clarify whether deuterosomes are gener-

ated in the same way in vivo.

Materials and Methods

Cell culture, lentivirus production, and infection

mTECs were isolated from 4-week C57BL/6J mice and cultured as

described previously [36]. mEPCs were cultured as described

[51,52] with some modifications. Briefly, the telencephalon was

dissected from P0 mice, followed by careful removal of the

meninx, choroid plexus, hippocampus, and olfactory bulb in

dissection buffer (161 mM NaCl, 5 mM KCl, 1 mM MgSO4, 3.7 mM

CaCl2, 5 mM HEPES, and 5.5 mM glucose, pH 7.4) on ice. The

remaining tissues were cut into small pieces and digested in freshly

prepared digestion buffer (10 U/ml papain, 0.2 mg/ml L-cysteine,

0.5 mM EDTA, 1 mM CaCl2, 1.5 mM NaOH, and 5 U/ml DNase I

in the dissection buffer) for 30 min at 37°C. The digestion was then

stopped by adding 10% FBS. After gentle pipetting with a P1000

tip, the cells were collected by centrifugation at 400 × g for 5 min

at room temperature. The pelleted cells were re-suspended in the

culture medium and seeded in a laminin-coated flask. Neurons

were shaken off after a 1-day culture, and the remaining cells were

further cultured to reach confluency. The cells were then trans-

ferred into the wells of laminin-coated 29-mm glass-bottomed

dishes (Cellvis, D29-14-1.5-N) at a density of 2 × 105 cells per well

and were maintained in serum-free medium to induce multiciliate

mEPCs.

Lentiviral productions for the RNAi experiments were performed

as described previously [36]. Eighteen 10-cm dishes of HEK293T

cells transfected for 48 h were used to produce the lentiviral parti-

cles, which were further concentrated to 1 ml. Ependymal progeni-

tor-enriched brain cells isolated from three P0 mice were re-

suspended into 10 ml of the culture medium [51,52] containing

60 ll of the concentrated lentiviral particles and seeded into a 75-

cm2 flask (day �7). To suppress the p53-dependent apoptosis asso-

ciated with centriole loss [70], 10 lM of the p53 inhibitor, pifithrin-

a (S2929, Selleckchem), was always included in the culture medium

to sustain cell viability [71]. After 24 h of culture, neurons were

shaken off and fresh culture medium was added (day �6). After

additional 6 days (day 0), the cells were serum-starved to induce

differentiation and assayed at day 3.

To deplete parental centrioles using centrinone (a gift from

Dr. Karen Oegema, UCSD), the drug dissolved in DMSO was added

to ependymal progenitors at day �7, together with the p53 inhibitor
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pifithrin-a (10 lM). The culture medium was changed every 2 days,

with supplemented centrinone and pifithrin-a. We initially tested

different concentrations (0.3, 0.75, 1.5, and 3 lM) of centrinone and

finally used 1.5 lM as the optimal concentration. The cells were

assayed at day 0 or day 3.

Experiments involving mouse tissues were performed in accor-

dance with protocols approved by the Institutional Animal Care and

Use Committee of Institute of Biochemistry and Cell Biology.

Plasmid constructs

The cDNAs of full-length mouse Deup1 (NM_181816) and Ccdc78

(NM_001165929) were PCR-amplified and subcloned into the

lentiviral expression vector, pLV-GFP, to generate pLV-GFP-Deup1

and pLV-GFP-Ccdc78. To express GFP-Deup1 under the control of

its own promoter, a 2-kb genomic DNA sequence of mouse Deup1

upstream of the first exon was PCR-amplified and used to replace

the CMV promoter of pLV-GFP-Deup1.

Antibodies

Secondary antibodies used for immunofluorescence (IF) were as

follows: donkey anti-rabbit conjugated with Cy3 or DyLight 405,

anti-chicken conjugated with Alexa Fluor-488 or DyLight-405, anti-

mouse conjugated with Cy3 or DyLight-405, anti-rat conjugated with

Alexa Fluor-488, anti-guinea pig conjugated with Cy3 (Jackson

ImmunoResearch), and anti-mouse conjugated with Alexa Fluor-647

(Thermo Fisher Scientific). The DyLight 405-conjugated antibodies

were used at 1:200, and the remaining antibodies were used at

1:1,000. Secondary antibodies used for Western blotting (WB) were

HRP-conjugated goat anti-mouse and anti-rabbit antibodies (Thermo

Fisher; 1:5,000).

Commercial primary antibodies used were as follows: mouse

anti-Sas6 (sc-81431, Santa Cruz; IF 1:50), mouse anti-Centrin (04-

1624(20H5), Millipore; IF 1:200), mouse anti-a-Tubulin (T5168,

Sigma-Aldrich; WB 1:5,000), mouse anti-acetylated tubulin (T7451,

Sigma-Aldrich; IF 1:1,000), mouse anti-Centrobin (ab70448, Abcam;

IF 1:200), mouse anti-Zo-1 (33-9100, Thermo Fisher; IF 1:1,000),

rabbit anti-Centrin1 (12794-1-AP, Proteintech; IF 1:200), rat anti-GFP

(sc-101536, Santa Cruz; IF 1:50), rabbit anti-GFP (A-11122, Thermo

Fisher; WB 1:3,000), and rabbit anti-Cep63 (06-1292, Millipore; IF

1:200).

Rabbit anti-Deup1 (IF 1:200; WB 1:4,000), chicken anti-Cep152

(IF 1:300), and rabbit anti-Plk4 (IF 1:200; WB 1:2,000) antibodies

were homemade [36]. To generate antibodies against murine

Cep164, Odf2, or Ccdc78, cDNA fragments of mouse Cep164

(NM_001081373; encoding 1–400 aa), Odf2 (NM_001177659; encod-

ing 401–826 aa), and Ccdc78 (NM_001165929; encoding 1–437 aa)

were PCR-amplified from the total cDNAs of mTECs. The cDNA

fragments of Cep164 and Odf2 were subcloned into pET32a to

express His-tagged fusion proteins. The cDNA of Ccdc78 was

subcloned into pGEX-4T-1 to express GST-fusion protein. The

proteins were purified by using Ni-NTA beads (Qiagen) or

glutathione-agarose beads (Sigma) and used as antigens. Rabbit

anti-Cep164 (IF 1:200; WB 1:1,000), guinea pig anti-Odf2 (IF 1:200;

WB 1:2,000), and rabbit anti-Ccdc78 (IF 1:200; WB 1:2,000) anti-

bodies were generated through contracted services (ABclonal) and

affinity-purified.

Immunofluorescent microscopy

Immunostaining and immunofluorescent microscopy were

performed as described [36]. Briefly, mEPCs grown on glass-

bottomed dishes and mTECs on Transwells were pre-extracted with

0.5% Triton X-100 in PBS for 40 s or for 3 min, respectively,

followed by fixation with 4% fresh paraformaldehyde in PBS for

15 min at room temperature. After fixation, the cells were permeabi-

lized with 0.5% Triton X-100 in PBS for 15 min and blocked with

blocking buffer (4% BSA in TBST) for 1 h at room temperature.

Primary and secondary antibodies were diluted into the blocking

buffer and applied to cells at room temperature for 2 and 1 h,

respectively, interspaced with three rounds of washing. The samples

were imaged with a structured illumination microscope (GE OMX

V3) with a 100×/1.40 NA oil-immersion objective lens (Olympus).

Serial z-stack sectioning was performed at 125-nm intervals. Raw

images were processed for maximum intensity projection with Soft-

WoRx software.

Confocal images were captured using Leica TCS SP8 system with

a 63×/1.40 oil-immersion objective lens. Serial z-stack sectioning

was set at 125-nm intervals. Images were processed with maximum

intensity projections.

Live cell imaging

Mouse ependymal progenitors were infected with lentivirus at

day �1 for the expression of GFP-Deup1 under Deup1 promoter.

Live cell imaging was performed at day 2.5. The images in Fig 3E,

and Movies EV2 and EV3 were captured with an Olympus SpinSR10

spinning disk confocal super-resolution microscope equipped with

an APON 60 × OTIRF/1.49 NA oil objective (Olympus) and ORCA-

Flash 4.0 V3 Digital CMOS Camera (Hamamatsu). The laser power

(488 nm) was set to 10% to reduce cell toxicity. The images in

Movie EV1 were recorded using an Andor Dragonfly high-speed

confocal microscope equipped with a Plan Apo k 60×/1.40 NA oil

objective (Nikon) and a Zyla sCMOS camera (Andor). The laser

power (488 nm) was set to 3%. The exposure time was 100 ms.

The images were recorded at 5-min intervals for 12.5 h. z-stack

sectioning was performed at 0.5-lm intervals to cover a depth of

20 lm. The images and movies were processed with Imaris (Bit-

plane) and ImageJ (Fiji) softwares.

Quantification and statistical analysis

Deuterosome diameters were measured from 3D-SIM images of

Deup1 using the “automatic bright objects” mode of the “count/size”

function of Image-Pro Plus 6.0 software (Media Cybernetics). Cells

in different categories were scored manually using available origi-

nal 3D-SIM images (1,024 × 1,024 pixels), each of which

contained multiple cells, from three independent experiments.

Parental centrioles were identified and scored based on at least

two different centriolar markers. Ciliary length of ependymal

progenitors at day 0 and mEPCs at day 3 was measured using the

“measurements” module of Image-Pro Plus 6.0. Quantification

results are presented as mean � SD unless otherwise stated. Dif-

ferences are considered significant when P was < 0.05 in a two-

tailed unpaired Student’s t-test using GraphPad Prism software

(GraphPad Software).
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Expanded View for this article is available online.
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