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Regulation of cilia abundance in
multiciliated cells

Rashmi Nanjundappa’, Dong Kong?, Kyuhwan Shim’, Tim Stearns?,
Steven L Brody*, Jadranka Loncarek?, Moe R Mahjoub™->*

'"Nephrology Division, Department of Medicine, Washington University, St Louis,
United States; 2Center for Cancer Research, National Cancer Institute, Frederick,
United States; *Department of Biology, Stanford University, Stanford, United
States; “Pulmonary Division, Department of Medicine, Washington University, St
Louis, United States; *Department of Cell Biology and Physiology, Washington
University, St Louis, United States

Abstract Multiciliated cells (MCC) contain hundreds of motile cilia used to propel fluid over their
surface. To template these cilia, each MCC produces between 100-600 centrioles by a process
termed centriole amplification. Yet, how MCC regulate the precise number of centrioles and cilia
remains unknown. Airway progenitor cells contain two parental centrioles (PC) and form structures
called deuterosomes that nucleate centrioles during amplification. Using an ex vivo airway culture
model, we show that ablation of PC does not perturb deuterosome formation and centriole
amplification. In contrast, loss of PC caused an increase in deuterosome and centriole abundance,
highlighting the presence of a compensatory mechanism. Quantification of centriole abundance in
vitro and in vivo identified a linear relationship between surface area and centriole number. By
manipulating cell size, we discovered that centriole number scales with surface area. Our results
demonstrate that a cell-intrinsic surface area-dependent mechanism controls centriole and cilia
abundance in multiciliated cells.

DOI: https://doi.org/10.7554/eLife.44039.001

Introduction
In mammals, multiciliated cells (MCC) are terminally differentiated epithelia that line the respiratory
tract, brain ventricles and segments of the female and male reproductive organs (Brooks and Wall-
ingford, 2014, Spassky and Meunier, 2017). Each MCC contains hundreds of motile cilia, microtu-
bule-based organelles that generate the motive force to move fluid over the surface of the cell. In
the airway, motile cilia of MCC beat directionally to propel mucus and inhaled contaminants out of
the lungs. Ciliary motility of ependymal MCC lining the brain ventricles is key for movement of cere-
brospinal fluid through the central nervous system, while cilia on MCC in the reproductive tracts are
important for ovum and sperm transport (Brooks and Wallingford, 2014; Spassky and Meunier,
2017). Thus, the proper assembly of hundreds of motile cilia is critical for the functions of MCC, and
the overall health of the associated tissues. Mutations that result in reduced cilia abundance cause
human diseases due to aberrant cilia-based fluid flow (Amirav et al., 2016; Boon et al., 2014;
Ninez-Ollé et al., 2017; Wallmeier et al., 2014), suggesting that establishment of the correct num-
ber of cilia per cell is important for function. MCC in different tissues display significant variability in
motile cilia number, ranging from 30 to 600 cilia per cell (Brooks and Wallingford, 2014;
Spassky and Meunier, 2017). However, a major unresolved question is how each cell regulates the
precise number of its motile cilia during differentiation.

To template these cilia, each MCC undergoes a process termed centriole amplification to pro-
duce hundreds of centrioles, barrel-shaped microtubule structures that form the base upon which
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cilia are assembled. In the airway, proliferating progenitors (called basal cells) initially contain a sin-
gle centrosome with two parental centrioles (PC), which they maintain via the canonical centriole
duplication mechanism (Figure 1a; Nigg and Holland, 2018; Sorokin, 1968; Vladar and Stearns,
2007). During MCC differentiation, the post-mitotic basal cells undergo massive centriole produc-
tion that was thought to occur through two parallel pathways: a parental centriole-dependent path-
way whereby the original PC template the assembly of multiple procentrioles simultaneously, and an
acentriolar or ‘de novo' pathway mediated by dozens of deuterosomes, spheroidal electron-dense
structures that are capable of producing multiple procentrioles (Figure 1a; Kalnins and Porter,
1969; Sorokin, 1968; Steinman, 1968). Deuterosomes are transient structures that are absent in
proliferating progenitor cells, are formed during early centriole amplification, and mostly disappear
after centriologenesis is complete (Klos Dehring et al., 2013; Zhao et al., 2013). Although both
PC-dependent and deuterosome-dependent pathways have been known for decades, the molecular
mechanisms that govern the two pathways and their relative contributions to the total complement
of centrioles has remained enigmatic.

Most of the key proteins involved in canonical centriole duplication play an essential role in both
PC- and deuterosome-dependent centriole amplification pathways in MCC (Klos Dehring et al.,
2013; Mahjoub et al., 2010; Tang, 2013; Vladar and Stearns, 2007; Zhao et al., 2013). This indi-
cates that centriole duplication in cycling cells and centriole amplification in MCC share common
and conserved molecular mechanisms despite their morphological differences. However, recent
studies have characterized proteins that are uniquely associated with deuterosomes. For example,
Deup1 was recently identified as a deuterosome-specific protein that is essential for the formation of
deuterosomes and, subsequently, centriole amplification (Zhao et al., 2013). Similarly, a number of
deuterosome-enriched factors have since been shown to play key roles in deuterosome biogenesis
and function (Klos Dehring et al., 2013; Mori et al., 2017; Revinski et al., 2018). These data sup-
port the theory that the PC-dependent and deuterosome-dependent centriole amplification path-
ways act in parallel, but use unique molecular components to produce all of the centrioles in a cell. It
has been estimated that the deuterosome-dependent pathway contributes the majority (80-90%) of
the total centrioles assembled during amplification, while the PC-dependent pathway contributes
roughly 10-20% towards the final number (Al Jord et al., 2014; Sorokin, 1968; Spassky and Meu-
nier, 2017; Zhao et al., 2013). Intriguingly, a recent study found that deuterosomes themselves are
nucleated from the original PC, indicating that these two pathways may not be independent of each
other after all (Al Jord et al., 2014). If true, this would suggest that all centrioles produced in MCC
are ultimately dependent on the PC. Yet, a number of important questions have remained unan-
swered: are parental centrioles necessary for deuterosome biogenesis? What is the actual contribu-
tion of the PC to final centriole number? How do cells that start with exactly two parental centrioles
generate such a variable number during differentiation?

In this study, we sought to determine the mechanisms by which airway MCC establish centriole
number, using an ex vivo airway culture system (Vladar and Brody, 2013; You and Brody, 2013;
You et al., 2002). We began by testing the hypothesis that parental centrioles are essential for deu-
terosome formation. To ablate PC during proliferation, we used a small molecule inhibitor and
shRNA-mediated depletion of Plk4, the major kinase involved in centriole duplication
(Habedanck et al., 2005; Nigg and Holland, 2018). Surprisingly, loss of parental centrioles did not
affect deuterosome formation, indicating that PC are dispensable for deuterosome biogenesis.
Moreover, the loss of PC and Plk4 function did not disrupt centriole amplification nor decrease the
total number of centrioles per cell. Thus, establishment of centriole abundance is regulated by a dif-
ferent cellular property. Airway MCC vary in size and surface area, and display a wide range in centri-
ole number. Quantification of centriole abundance in vitro and in vivo highlighted a direct
relationship between cell-surface area and centriole number. To determine if cell size was a major
determinant of centriole abundance, we cultured basal cells on an extracellular matrix of increasing
density to manipulate size. We found that centriole number scales with increasing surface area, but
not volume, of multiciliated cells. Together, our results point to a cell-intrinsic, surface area-depen-
dent mechanism that establishes centriole-cilia abundance in airway multiciliated cells.
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Figure 1. Parental centrioles are dispensable for centriole amplification. (a) Schematic of the proliferation and differentiation steps of multiciliated
respiratory epithelia. The key stages of centriole amplification from parental centrioles and deuterosomes are depicted. (b) Immunofluorescence (3D-
SIM) images of control and Centrinone-treated cells. Samples were fixed on the indicated days of air-liquid interface (ALI) culture and stained for
centrioles (centrin) and apical cell-cell junctions (ZO-1). Upper panels show lower magnification images, and lower panels highlight a single cell. Scale

Figure 1 continued on next page
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Figure 1 continued

bar = 10 um. (c) Quantification of centriole number, and the fraction of the population undergoing centriole amplification, in control and Centrinone-
treated MTEC. Ablation of parental centrioles did not affect the initiation of centriolar aggregate (Agg.) formation, the timing of centriole amplification,
or the fraction of mature multiciliated cells (MCC) in the population. Results are averages of three independent experiments. More than 3,000 cells were
counted per sample for each time point. *p<0.05. (d) Transmission electron microscopy (TEM) of the apical surface of MTEC at ALIO. Parental centrioles
were easily found at the apical surface of control cells (20/20 cells examined; insets highlight three sets of PC), but were missing in the majority of
Centrinone-treated samples (0 parental centrioles in 17/19 cells). Scale bars = 2 um (large panels) and 400 nm (insets).

DOI: https://doi.org/10.7554/eLife.44039.002

The following video is available for figure 1:

Figure 1—video 1. Centrinone-mediated inhibition of Plk4 results in loss of parental centrioles at ALIO.

DOI: https://doi.org/10.7554/elife.44039.003

Results

Parental centrioles are dispensable for centriole amplification

We previously established a mouse tracheal epithelial cell (MTEC) culture system to study centriolo-
genesis and ciliary assembly in MCC (Mahjoub et al., 2010; Silva et al., 2016; You and Brody,
2013; You et al., 2002). This airway model entails seeding freshly isolated mouse tracheal basal cells
onto a porous filter suspended in medium, and allowing the progenitors to proliferate into a conflu-
ent, polarized layer. Cells are induced to differentiate into MCC and other cell types found in the air-
way (for example, secretory cells) by exposure to an air-liquid interface (ALI). During proliferation,
basal cells contain two centrosomal centrioles that are maintained via the canonical centriole duplica-
tion mechanism (Figure 1a). During post-mitotic MCC differentiation, the centriologenesis program
proceeds in distinct stages from ALl days 0 to 12: centriolar protein aggregates and deuterosomes
form near the PC, and procentrioles are nucleated from both PC and deuterosomes (stage |, ALI1-2);
procentrioles continue to grow and elongate from PC and deuterosomes (stage Il, ALI3-4); centrioles
disengage from PC and deuterosomes, start to mature into basal bodies and migrate towards the
apical membrane (stage Ill, ALI4-8); fully mature, apically docked basal bodies template ciliary
assembly (stage IV, ALI8-12). By ALI12, most cells have completed differentiation into fully mature
MCC (Figure 1a).

It was recently proposed that deuterosomes are nucleated from the original PC, suggesting that
the de novo centriole assembly pathway is dependent on PC (Al Jord et al., 2014). To test this the-
ory, we ablated PC in basal cells using Centrinone (Wong et al., 2015), a selective inhibitor of the
kinase Plk4 known as the 'master regulator’ of centriole assembly (Arquint and Nigg, 2016; Betten-
court-Dias et al., 2005; Habedanck et al., 2005; Pearson and Winey, 2010; Sillibourne and Bor-
nens, 2010). Centrinone blocks centriole duplication, resulting in cells that lack centrioles following
a few rounds of cell division (Wong et al., 2015). Basal cells were cultured with or without 1 uM Cen-
trinone, roughly 3-8 times higher concentrations than needed to suppress centriole formation in
most cells (Wong et al., 2015), and the compound was maintained in the medium throughout differ-
entiation (described in Materials and methods). Samples were fixed at various stages of differentia-
tion, immunostained for centrioles and analyzed using either confocal or superresolution structured
illumination microscopy (3D-SIM). Control cells at ALIO predominantly contain the original two PC
(Figure 1b-c). Upon exposure to ALl, cells proceeded through the various stages of centriole ampli-
fication, resulting in a population of cells comprised of roughly 60% MCC and 40% non-MCC as
expected (Figure 1c). Growth of basal cells in the presence of 1 uM Centrinone resulted in >80% of
cells lacking PC at ALIO (Figure 1b-c). Remarkably, the formation of centriolar aggregates and sub-
sequent centriole amplification proceeded normally in the absence of PC. Moreover, there was no
significant difference in the timing of centriologenesis, or the fraction of MCC in the population
(Figure 1b-c). To ensure that Centrinone-treated cells were indeed lacking PC prior to differentia-
tion, we analyzed cells using transmission electron microscopy (TEM). Cells at ALIO were serially sec-
tioned beginning at the apical surface and down to the basal membrane. Whereas PC were evident
in control cells, there was >80% decrease in cells containing PC upon Centrinone treatment
(Figure 1d and Figure 1—video 1), consistent with the immunofluorescence analysis.

The abundance of Plk4 protein is regulated by autophosphorylation-induced degradation
(Holland et al., 2010). Centrinone-mediated inhibition of Plk4 kinase activity blocks this
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degradation, resulting in elevated (yet inactive) Plk4 protein levels (Wong et al., 2015). In control
cells, Plk4 expression increased during early stages of centriole amplification, peaking at ALI3 and
subsequently decreasing upon centriole maturation at ALI8 (Figure 2a-b). Centrinone-treated cells
showed accumulation of Plk4, which was already evident in a higher proportion of cells at ALIO-1
(Figure 2a). Unlike control cells, the high Plk4-expressing fraction persisted at ALI8 and beyond
(Figure 2a-b), indicating that Plk4 kinase activity was indeed blocked. Moreover, the non-multicili-
ated cells in the population did not reform/regain their PC (Figure 1c), further indicative of Centri-
none’s inhibitory activity in our assay. Finally, we examined whether loss of PC attenuated the
various stages of centriole assembly. Control and Centrinone-treated cells were immunostained for
markers of procentriole initiation (STIL, Cep152, Sasé, Cep135 [Cizmecioglu et al., 2010;
Dammermann et al., 2004; Hatch et al., 2010; Kleylein-Sohn et al., 2007; Tang et al., 2011]), cen-
triole growth and elongation (Cep120, centrin, y-tubulin [Betleja et al., 2018; Comartin et al.,
2013; Mahjoub et al., 2010; Paoletti et al., 1996, Stearns et al., 1991; Xie et al., 2007]), centriole
maturation (Cep164 [Graser et al., 2007]), and ciliogenesis (acetylated-tubulin). Loss of PC did not
affect the overall timing of centriole amplification stages, or the fraction of MCC in the population
(Figure 2c—g and Figure 2—figure supplements 1-2). Centriole maturation and ciliogenesis were
also unaffected upon loss of PC and Plk4-inhibition (Figure 2—figure supplement 3). Collectively,
these results indicate that parental centrioles and Plk4 kinase activity are not necessary for centriole
amplification and ciliogenesis in airway MCC.

Parental centrioles are dispensable for deuterosome formation

Next, we tested whether loss of PC altered the expression pattern or number of deuterosomes in
MCC. Cells at ALI3 were immunostained for Deup1, a core component of deuterosomes essential
for their formation (Zhao et al., 2013). In control cells, deuterosome formation begins ~ALI1 and
peaks at ALI3, and they are subsequently lost by ALI8 (Figure 3a-b). Surprisingly, Deup1 expression
was grossly unchanged in cells lacking PC (Figure 3a-b). However, Deup1 foci were evident in a
higher proportion of cells at ALI1, suggesting that deuterosome formation may start sooner in PC-
less cells. Since MCC are variable in size and centriole number (discussed in more detail in the subse-
quent section), we measured deuterosome number and cell surface area (using ZO-1 to outline api-
cal cell-cell junctions), then compared deuterosome abundance in cells of similar size (Figure 3c).
Centrinone-treated cells lacking PC displayed a slight but significant increase in average deutero-
some number per cell (Figure 3d). Serial-section TEM analysis of cells at ALI3 confirmed the pres-
ence of deuterosome structures that were nucleating procentrioles in PC-less cells (Figure 3e).
These deuterosomes appeared consistent in size and morphology with control cells. Moreover, deu-
terosomes in PC-less cells nucleated roughly similar amounts of procentrioles each as compared to
control cells (Figure 3—figure supplement 1), with a slight decrease in average procentriole num-
ber per deuterosome.

The deuterosome-dependent pathway is thought to contribute the majority (80-90%) of cen-
trioles assembled during amplification, whereas the PC-dependent pathway contributes roughly 10—
20% towards the final complement (Al Jord et al., 2014; Sorokin, 1968; Spassky and Meunier,
2017; Zhao et al., 2013). Therefore, we reasoned that loss of PC might result in a reduction in the
final complement of centrioles in mature MCC. Quantification of centriole number in control cells at
ALI12 showed a range from 100 to 600, and correlated with increasing surface area (Figure 4a-b).
Loss of PC in Centrinone-treated cells did not disrupt this relationship (Figure 4c). Importantly, the
average number of centrioles per mature MCC did not decrease; in contrast we noted a slight but
significant increase in centriole abundance and density (Figure 4d-e). All together, these results indi-
cate that loss of PC does not inhibit deuterosome biogenesis nor result in decreased centriole abun-
dance in MCC.

Modulating Plk4 expression delays centriole assembly but does not
affect number

We were surprised to discover that inhibiting Plk4 activity had no detrimental effect on centriole
amplification, as this kinase is known to play a critical role in centriole assembly in the majority of cell
types examined in mammals. Plk4 expression becomes elevated during centriole amplification in air-
way MCC (Hoh et al., 2012), where it localizes to both PC and deuterosomes (Zhao et al., 2013),
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Figure 2. Loss of parental centrioles does not affect dynamics of centriole amplification. (a) Immunofluorescence images of control and Centrinone-
treated cells. Samples were fixed on the indicated days and stained for Plk4, centrioles (y-tubulin) and apical cell-cell junctions (ZO-1). Upper panels
show lower magnification images, and lower panels highlight a single cell. Inhibition of Plk4 kinase activity results in accumulation of Plk4 protein at ALI
0-1, and the protein is still evident at stages (e.g. ALl 8) when it is normally lost. Scale bar = 10 um. (b) Quantification of the fraction of Plk4-expressing

Figure 2 continued on next page
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cells during differentiation. Results are averages of two independent experiments. More than 1,500 cells were counted per sample for each time point.
*p<0.05. (c) Quantification of the fraction of STIL-expressing cells during differentiation. STIL expression is mostly unchanged upon inhibition of Plk4,
with a slight increase in STIL-expressing cells evident at ALl three in Centrinone-treated samples. Results are averages of two independent experiments.
More than 1000 cells were counted per sample for each time point. *p<0.05. (d) Quantification of the fraction of Sasé-expressing cells during

differentiation. A slight increase in Sasé-expressing cells is evident at ALI 0-1 in Centrinone-treated samples, however the overall pattern of expression

is not affected. Results are averages of two independent experiments. More than 1000 cells were counted per sample for each time point. *p<0.05. (e-

f) Quantification of centriole number and the fraction of the population undergoing centriole amplification. Cells at the indicated time points were

stained for markers of procentriole initiation and growth. Ablation of parental centrioles did not affect the formation of centriolar aggregates (Agg.), the
timing of centriole amplification and growth, or the fraction of mature multiciliated cells (MCC) in the population. Results are averages of two

independent experiments. More than 2000 cells were counted per sample for each time point. *p<0.05.
DOI: https://doi.org/10.7554/eLife.44039.004
The following figure supplements are available for figure 2:

Figure supplement 1. — Analysis of procentriole assembly in control and Centrinone-treated MTEC.

DOI: https://doi.org/10.7554/eLife.44039.005

Figure supplement 2. — Analysis of procentriole growth in control and Centrinone-treated MTEC.

DOI: https://doi.org/10.7554/eLife.44039.006

Figure supplement 3. — Analysis of centriole maturation and ciliogenesis in control and Centrinone-treated MTEC.
DOI: https://doi.org/10.7554/eLife.44039.007

thus it has been generally assumed to play an important role in centriole amplification. However, our
Centrinone treatments suggest that although Plk4 kinase activity is necessary for centriole duplica-
tion during the proliferation phase of basal cells, it is not essential for post-mitotic centriole amplifi-
cation (Figures 1-3). One possibility is that Plk4 acts in a kinase-independent manner to control
centriole amplification, for example as a scaffold to recruit other components of the centriole assem-
bly pathway. To test this, we depleted the protein in basal cells using shRNA-expressing lentivirus.
Depletion of Plk4 during the proliferation phase resulted in near complete loss of PC by ALIO
(Figure 5a-b), similar to the Centrinone experiments. Examination of cells at ALI3 showed that cells
lacking Plk4 still initiate centriologenesis similar to control cells (Figure 5a,c and d), and form more
deuterosomes on average (Figure 5a and e), consistent with the Centrinone-mediated experiments.
Moreover, quantification of the fraction of MCC at ALI12 showed no overall difference between con-
trol and Plk4-depleted cells. However, the process of centriole amplification appeared delayed, as
roughly 50% of Plk4-depleted cells at ALI12 were in Stages I-Il or lll-IV instead of being fully mature
MCC (Figure 5a and f). We interpret these results to suggest that loss of Plk4 delays the process,
but does not impact overall centriole assembly. Indeed, culturing these Plk4-depleted cells for an
additional 9 days caused an increase in the fraction of mature MCC (Figure 5a and g). Importantly,
once cells completed maturation we did not observe a significant decrease in centriole number per
cell (Figure 5h). Finally, we used a combination of shRNA-mediated depletion and Centrinone-based
inhibition of Plk4 to ensure that any residual Plk4 activity/function was blocked. We found that the
dynamics of centriole biogenesis were almost identical to shRNA-mediated depletion (Figure 5—fig-
ure supplement 1), with no additive effects. Collectively, these results indicate that loss of Plk4
delays the centriole assembly program but does not decrease centriole abundance.

Loss of PC and Plk4 function did not reduce centriole abundance in mature MCC, suggesting that
establishment of centriole number is not dependent on them. To further test this hypothesis, we
induced the formation of excess PC in basal cells by overexpressing Plk4, which drives nucleation of
ectopic centrioles in a diversity of cells and organisms (Habedanck et al., 2005; Sillibourne and Bor-
nens, 2010). To overexpress Plk4 in a temporally controlled manner, we used a recently developed
mouse model (Tg::mChPlk4) whereby mCherry-tagged Plk4 is regulated by tamoxifen-induced Cre-
recombinase expression (Dionne et al., 2018; Marthiens et al., 2013). To conditionally express Plk4
in MTEC, we bred Tg::mChPlk4 mice to a Tg::Rosa26-Cre®X"? (Ventura et al., 2007) strain that glob-
ally expresses Cre upon tamoxifen addition. Basal cells were harvested from trachea of Tg:
mChPIk4/Rosa26-CretR" mice, and MTEC cultures established in the presence or absence of tamox-
ifen. Constitutive expression of mChPlk4 during the proliferation stage resulted in cells that con-
tained more than the normal complement of two PC at ALIO (Figure 5i). However, mature MCC
containing excess PC and Plk4 protein formed a similar number of centrioles when compared to
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Figure 3. Deuterosome biogenesis is unaffected by loss of parental centrioles. (a) Immunofluorescence images of control and Centrinone-treated cells
stained with antibodies against deuterosomes (Deup1), centrioles (y-tubulin) and apical cell-cell junctions (ZO-1). Upper panels show lower
magnification images, and lower panels highlight a single cell. Loss of PC does not disrupt deuterosome formation. In contrast, they appear earlier than
in control cells (e.g. ALl 1) and persist for a longer period of time. Scale bar = 10 um. (b) Quantification of the fraction of Deup1-expressing cells during
Figure 3 continued on next page
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differentiation. Results are averages of two independent experiments. More than 1000 cells were counted per sample for each time point. *p<0.05. (c)
3D-SIM images of MTEC at ALl stained for deuterosomes (Deup1), procentrioles (Sasé) and apical cell-cell junctions (ZO-1). Scale bar = 10 um. (d)
Quantification of deuterosome number in control and Centrinone-treated cells. Cells were grouped based on the size of their surface area, and the

average number of deuterosomes per cell determined. Loss of PC causes an increase in deuterosome number in each category. N = 87 (control) and 71
(Centrinone). *p<0.05. (e) TEM images of control and Centrinone-treated MTEC at ALI3, confirming the presence of procentriole-forming deuterosomes

that appear normal in size and morphology. Scale bars = 2 pm (upper panels) and 800 nm (magnified lower panels).
DOI: https://doi.org/10.7554/elife.44039.008
The following figure supplement is available for figure 3:

Figure supplement 1. — Deuterosome-mediated procentriole formation is unaffected by loss of parental centrioles.
DOI: https://doi.org/10.7554/eLife.44039.009

control cells at ALI12 (Figure 5ij). In sum, manipulating Plk4 protein levels does not reduce deuter-
osome or basal body number, nor does increasing the complement of parental centrioles.

Centriole number scales with surface area

Since establishment of centriole abundance appears to be independent of the PC-deuterosome
mediated pathway, we wondered if other cellular properties influenced centriole-cilia abundance.
We discovered that airway multiciliated cells grown in vitro display a broad range in centriole num-
ber, from 100 to 600 centrioles per cell (Figure 4). We wanted to determine whether this broad
range in centriole number, and its relationship to surface area, was retained in vivo. Trachea isolated
from wild-type mice was cut longitudinally to expose the lumen, immunostained with centrin and
Z0O-1, then imaged by 3D-SIM (Figure 6a). Quantification of centriole number showed a similar varia-
tion in centriole abundance (Figure 6b). Consistent with the measurements in vitro, there was a
direct relationship between centriole number and surface area, as larger MCC contained more cen-
trioles compared to smaller cells (Figure 6b-d).

Next, we wondered if cell size (surface area or volume) was a major determinant of centriole
abundance. In MTEC cultures, cell size and surface area are established roughly 1-2 days before the
ciliogenesis transcriptional program is initiated. This temporal separation provided us with a means
to determine whether the centriole amplification machinery responds to the differences in cell size
set at the end of the proliferation phase. To test this, we manipulated cell shape and size prior to
inducing differentiation by growing basal cells on varying concentrations of extracellular collagen.
Modulating extracellular matrix density is a commonly used approach to manipulate cell volume
and/or surface area (Califano and Reinhart-King, 2010; Plant et al., 2009; Trappmann and Chen,
2013; Wells, 2008). Culture and differentiation of basal cells on increasing concentrations of extra-
cellular collagen resulted in a dose-dependent increase in cell surface area (Figure 7a-b). Remark-
ably, centriole abundance also increased in a dose-dependent manner (Figure 7c). To determine
whether the increase in average centriole number per cell was a function of increased cell volume,
we measured cell depth (apical-basal distance). Although the cells contained a larger surface area,
they were shallower in depth, resulting in a similar overall cell volume (Figure 7a and d-e). Thus, the
size of surface area, but not overall cell volume, appears to dictate centriole abundance during
amplification. Finally, we sought to determine whether the higher centriole number in cells with
larger surface areas was regulated at the level of the deuterosome. Indeed, cells grown on higher
concentrations of collagen formed a higher proportion of deuterosomes per cell on average
(Figure 7f-g). Collectively, these results indicate that a cell-intrinsic surface area-dependent process
establishes centriole abundance, potentially by modulating deuterosome number.

Discussion

In this study, we sought to determine how MCC establish the number of centrioles and cilia that
each cell contains. We first tested the relative contributions of the PC and Plk4 to deuterosome for-
mation, centriole amplification, and establishment of centriole number. Loss of PC had no impact on
deuterosome formation and function indicating that, although deuterosomes can be nucleated from
the original PC (Al Jord et al., 2014), their presence is not essential for the de novo centriologenesis
pathway. In contrast, the average number of procentriole-forming deuterosomes was slightly but
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Figure 4. Centriole abundance correlates with surface area and is unaffected by loss of PC. (a) Example 3D-SIM images of mature multiciliated cells at
ALI12 stained with markers of centrioles (centrin) and apical cell junctions (ZO-1). Scale bar = 10 um. (b—c) Quantification of centriole number in control
cells shows a linear relationship with cell surface area, such that larger cells contain more centrioles. Loss of the PC following Centrinone-treatment
does not affect this relationship. (d—e) Comparison of abundance and density in mature MCC of varying sizes at ALI12. Loss of the PC did not result in a
Figure 4 continued on next page
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Figure 4 continued

decrease in average centriole number (d). In fact, there was a slight increase in some cells. Similarly, the density and distribution of these centrioles at
the apical surface was generally unchanged (e), although we noted a small but significant increase in the density of centrioles, possibly due to the
elevated number per cell. Results are averages of three independent experiments. N = 91 (control) and 114 (Centrinone). *p<0.05.

DOI: https://doi.org/10.7554/eLife.44039.010

significantly higher upon loss of the PC (Figures 3 and 5). One intriguing possibility for the increase
may be that the deuterosome pathway compensates for the loss of PC-derived centrioles by increas-
ing deuterosome-mediated centriole assembly. This is consistent with our observation that cells lack-
ing the PC formed a slightly higher number of centrioles on average when fully mature (Figures 4—
5). Similarly, inhibition of deuterosome formation was shown to result in increased procentriole
nucleation by the PC (Zhao et al., 2013), suggesting that these two centriole assembly pathways
likely communicate to regulate centriole biogenesis. However, loss of the PC did impact the kinetics
of deuterosome formation; they were evident in PC-less cells slightly earlier than control cells, and
persisted at stages (e.g. ALI8) when they would normally have disappeared (Figures 3 and 5). We
interpret these data to suggest that, although the PC are not critical for deuterosome biogenesis,
they may help to control the number of deuterosomes formed, as well as the timing of their assem-
bly and disassembly. During the revision of the manuscript, two studies (one preprint [Mercey et al.,
2018] and one published [Zhao et al., 2019]) report similar parental centriole-independent deutero-
some formation in Centrinone-treated ependymal multiciliated cells. Altogether, these data indicate
that deuterosome formation and initiation of centriole amplification can proceed normally is the
absence of PC.

Loss of parental centrioles (and thus, centrosomes) in dividing retinal pigment epithelial cells has
been shown to trigger a p53-mediated stress response that inhibits their proliferation (Fong et al.,
2016; Lambrus et al., 2016, Meitinger et al., 2016). Yet, loss of the PC in airway basal cells did not
block or slow their growth, suggesting that the downstream consequences may differ in various cells
or tissues. Phenotypes of patients with mutations in centrosomal genes support this notion. For
example, mutations in components of the centriole assembly pathway are a major cause of micro-
cephaly (Jayaraman et al., 2018). These mutations disrupt the proliferation and differentiation pro-
gram of neuronal precursors, leading to p53-mediated loss of the progenitor pool, resulting in the
small brain phenotype (Nano and Basto, 2017). In contrast, mutations in centrosome duplication
factors can also cause cystic and fibrotic kidney diseases (Reiter and Leroux, 2017,
Srivastava et al., 2017), which are characterized in part by enhanced and sustained cell prolifera-
tion. Therefore, the response of cells to centrosome loss, and the p53-dependent mitotic surveil-
lance mechanism that senses this defect, may be cell- and tissue specific.

Although Plk4 kinase function was needed for canonical centriole duplication in proliferating basal
cells, it was dispensable for post-mitotic centriole amplification. This was somewhat surprising for
two reasons: (a) expression levels of Plk4 increase significantly during centriole amplification in MCC
(Hoh et al., 2012; Zhao et al., 2013), suggestive of a role during those stages, and (b) the kinase is
essential for initiating procentriole formation in the majority of mammalian cells examined (Nigg and
Holland, 2018; Sillibourne and Bornens, 2010). However, Plk4 is absent in a number of organisms
that contain centrioles. For example, the unicellular ciliates Chlamydomonas and Tetrahymena are
able to assembly and duplicate their centrioles (basal bodies) without Plk4 (Carvalho-Santos et al.,
2011; Dutcher and O'Toole, 2016). Similarly, Plk4-interacting proteins such as STIL and Cep152 are
missing in a number of organisms with centrioles (Carvalho-Santos et al., 2011), highlighting the
presence of other mechanisms that allow for control of centriole formation. Thus, even though com-
ponents of the centriole assembly machinery are generally conserved throughout evolution, our
results suggest that certain mammalian cell types may have adapted mechanisms to initiate centrio-
logenesis independent of Plk4 kinase function.

Depletion of Plk4 in MTEC did cause a delay in centriologenesis, indicating that the protein itself
might be needed for proper progression through the various stages of centriole assembly. This is
reminiscent of what was recently described for other kinases involved in coordinating centriole
assembly and cell cycle progression in MCC. For example, it was shown that differentiating, non-
dividing MCC repurpose the mitotic regulatory circuitry involving CDK1/Plk1/APC-C to control the
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Figure 5. Depletion of Plk4 causes a delay in centriologenesis but does not affect abundance. (a) Images of MTEC infected with control or Plk4-
targeting shRNA. Cells were fixed on the indicated days and stained for centrioles (centrin), endogenous Plk4, procentrioles (Sasé or centrin),
deuterosomes (Deup1) and apical cell junctions (ZO-1). Scale bar = 10 um. (b) Depletion of Plk4 in basal cells causes loss of parental centrioles by ALIO,
quantified using centrin staining of PC (a). Results are averages of three independent experiments. N = 862 (control shRNA), 846 (Plk4 shRNAT1) and
Figure 5 continued on next page
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1108 (Plk4 shRNA2). *p<0.05. (c~d) Fraction of MCC at ALI3 undergoing centriole amplification in the absence of Plk4. The percentage of cells that
initiated centriole amplification, determined using Deup1 and centrin staining, was unchanged (d). However, there was a large decrease in the fraction
of MCC with detectable Plk4 (c). Results are averages of two independent experiments. N = 4158 (control shRNA), 1596 (Plk4 shRNA1) and 3456 (Plk4
shRNA2). *p<0.05. (e) Quantification of deuterosome number in control and Plk4-depleted cells. Similar to Centrinone-mediated PC loss, the number of
deuterosomes per cell increases in the absence of PC. Results are averages of two independent experiments. N = 43 (control shRNA), 59 (Plk4 shRNA1)
and 67 (Plk4 shRNA2) cells. *p<0.05. (f-g) Comparison of centriole amplification stages upon Plk4 depletion at ALI12 (f) and ALI21 (g). Although the
proportion of the MCC in the population was unchanged in cells lacking Plk4, a significant fraction of the cells were in Stage I-Il (with Deup1-positive
deuterosomes still evident) and Stage IlI-IV (absence of deuterosomes) of centriole amplification (f). Culturing the cells for an additional 9 days (ALI21)
resulted in an increase in the percentage of mature MCC with cilia in Plk4-depleted cells (g), highlighting a delay in the maturation process. Results are
averages of two independent experiments. N = 815 (control shRNA), 783 (Plk4 shRNA1) and 1346 (Plk4 shRNA2). *p<0.05. (h) Comparison of centriole
abundance in control and Plk4-depleted mature MCC at ALI21. Loss of Plk4 and PC did not result in a decrease in average centriole number. N = 43
(control shRNA), 57 (Plk4 shRNA1) and 67 (Plk4 shRNA2). *p<0.05. (i) 3D-SIM images of MTEC generated from Tg::mChPIk4/Rosa26-Cre¥? (described
in detail in Materials and methods), stained for exogenous Plk4 (mCherry), centrioles (centrin) and apical cell junctions (ZO-1). Addition of tamoxifen
during proliferation resulted in constitutive overexpression of mChPlk4,and caused formation of supernumerary PC by ALIO. Importantly, the protein
was continuously expressed and still evident in fully mature MCC at ALI12. Scale bar = 10 um. (j) Supernumerary parental centrioles and constitutive
overexpression of Plk4 do not result in increased centriole abundance in mature MCC. Results are averages of two independent experiments. N = 108(-
TAM), and 105 (+TAM).

DOI: https://doi.org/10.7554/eLife.44039.011

The following figure supplement is available for figure 5:

Figure supplement 1. - Combined depletion and Centrinone-mediated inhibition of Plk4 causes a delay in centriologenesis.
DOI: https://doi.org/10.7554/eLife.44039.012

timely progression of centriole amplification, maturation, and motile ciliogenesis while avoiding
reentry into mitosis (Al Jord et al., 2017). Another study found that CDK2, the kinase responsible
for G1-S phase transition, was also required in MCC to initiate the motile ciliogenesis program inde-
pendent of cell cycle progression (Vladar et al., 2018). Thus, one possible reason for the elevated
Plk4 protein is to coordinate the timing of centriole assembly and maturation in post-mitotic cells.
Consistent with this theory, a recent study in Drosophila identified a role for Plk4 in regulating the
rate and period of procentriole growth (Aydogan et al., 2018), demonstrating that Plk4 functions as
a homeostatic clock to ensure centrioles grow to the correct size. Indeed, we found that MCC lack-
ing Plk4 initiated centriole assembly to the same extent as control cells, were delayed in passage
through the growth and maturation phases, but eventually ‘caught up’ (Figure 5). Importantly, multi-
ciliated cells lacking Plk4 contained the same number of centrioles on average when fully mature at
ALI21, further indicating that it is not critical for regulating number per se. Moreover, overexpression
of Plk4 in MTEC (Figure 5) or in Xenopus larvae MCC (Klos Dehring et al., 2013) did not result in
increased centriole number. Thus, Plk4 may play a similar role as CDK1/CDK2/Plk1/APC-C, by partic-
ipating in a temporal regulatory mechanism that mediates passage through the various centriole
assembly steps.

Centriole abundance in MCC scales with surface area, a phenomenon we observed in airway tis-
sues in vivo and in MTEC cultures in vitro. However, it is unclear which of those properties influences
the other: does having a larger surface area result in the formation of more centrioles, or does a cell
that forms a larger number of centrioles expand its surface area to accommodate them? One advan-
tage of using the MTEC culture system is that the ciliogenesis program initiates roughly 2 days after
basal cells have already established their size and surface area at ALIO. Therefore, we could tempo-
rally separate these two events. By growing cells on increasing extracellular collagen matrix density
during the proliferation phase, we caused the enlargement of cell surface area before the transcrip-
tional ciliogenesis program initiated. We discovered that cells formed more centrioles once fully dif-
ferentiated, suggesting that the centriole amplification machinery responds to the change in surface
area. We attempted the reciprocal experiment, which was to induce the formation of excess cen-
trioles and test whether the size of the surface area changed accordingly. Although constitutive over-
expression of Plk4 did result in the formation of excess PC, it did not alter final centriole number or
surface area (Figure 5 and data not shown).

How are the variations in cell surface area communicated to the centriole amplification pathway
to establish centriole number? There are at least three possible ways we envision this could occur.
First, larger cells might increase transcription of genes essential for centriole and cilia assembly. This
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Figure 6. Centriole abundance correlates with surface area in vivo. (a) Example 3D-SIM image of adult mouse trachea (P60) immunostained for
centrioles (centrin) and apical cell junctions (ZO-1). Scale bar = 10 um. (b-d) Centriole number ranges between 100 and 400 per cell on average and
displays a liner relationship with surface area, consistent with the observations in MTEC. Similarly, centriole density decreases slightly as surface area

increases. N = 95 cells.

DOI: https://doi.org/10.7554/eLife.44039.013

would be analogous to the ‘limiting component’ model of organelle abundance (Chan and Marshall,
2012; Goehring and Hyman, 2012; Marshall, 2016), where a fixed quantity of a precursor protein
(s) would be expressed then ‘used up’ as centriole assembly occurs. In this scenario, the number of
centrioles assembled would stop once the limiting component is no longer available. We did note
an increase in deuterosome number in cells with enlarged surface area (Figure 7), suggesting that
transcriptional output of at least some precursors is likely elevated. However, it remains unclear
whether there is a single limiting component, or if all centriolar proteins become expressed at higher
levels in larger cells. Alternatively, cells with larger surface areas might spend a longer period of
time in stages of centriole assembly compared to smaller cells. In this scenario, the rate of centriole
assembly would be the same in cells of different size, but ones with larger surface areas would spend
longer periods in stages I-lll to generate more total centrioles. Since the amount of time spent in
these assembly stages is coordinated by proteins such as CDK1/Plk1/CDK2/APC-C (Al Jord et al.,
2017; Vladar et al., 2018), one possibility is that these pathways help relay information about cell
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Figure 7. Enlargement of the surface area of progenitor cells results in increased centriole abundance. (a) Example 3D-SIM images of MTEC grown on
varying concentrations of extracellular collagen matrix. Top panels show X-Y orientation, and lower panels the X-Z dimension. Scale bar = 10 um. (b—e)
Analysis of surface area (b), centriole number (c), apical-basal distance (depth, (d) and cell volume (e) in MTEC cultured on differing concentrations of
collagen. Increasing the collagen density resulted in a dose-dependent expansion of the apical surface, whereas the cells became shallower, resulting
Figure 7 continued on next page
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in a similar overall cell volume. Importantly, the increase in surface are at ALIO resulted in increased centriole number (c). Results are averages of two
independent experiments. N = 39 (0.06mg/mL), 48 (0.6 mg/mL) and 42 (1.2mg/mL). *p<0.05. (f) 3D-SIM images of MTEC grown on normal (0.06 mg/mL)
and high (1.2 mg/mL) levels of extracellular collagen. Cells at ALI3 were immunostained with antibodies to mark deuterosomes (Deup1), procentrioles
(Sasbé) and apical cell junctions (ZO-1). Scale bar = 10 um. (g) Quantification of deuterosome number in MTEC at ALI3 showed a significant increase in
cells grown on increased collagen density (with larger surface areas). Results are averages of two independent experiments. N = 45 (0.06mg/mL) and 43
(1.2mg/mL). *p<0.05.

DOI: https://doi.org/10.7554/eLife.44039.014

surface area/size to the centriole assembly machinery, and fine-tune the length of time spent in
assembly to achieve the desired final number.

Finally, it is possible that the apical cytoskeleton helps instruct the centriole amplification pathway
to regulate centriole abundance per cell. It is well established that an apical actin network in MCC
plays a critical role in modulating the surface area, regulating centriole migration and docking at the
plasma membrane, ensuring the even distribution of centrioles across the cell surface, and orienting
(planar polarization) of centrioles (Antoniades et al., 2014; Herawati et al., 2016; Kulkarni et al.,
2018; Mahuzier et al., 2018; Pan et al., 2007; Sedzinski et al., 2016; Sedzinski et al., 2017,
Werner et al., 2011). What remains unclear is whether this actin network communicates with the
centriole amplification machinery to regulate centriole number. One possibility is that the variations
in surface area may result in corresponding changes to the size of the apical actin lattice, which could
then instruct the centriologenesis program to generate more centrioles. Our future studies will focus
on defining the pathway(s) coordinating the relationship between cell surface area and centriole
amplification. These will have important clinical implications for ciliopathies caused by reduced cilia
abundance in MCC, such Primary Ciliary Dyskinesia and hydrocephalus.

Materials and methods

Cell culture
All animal studies were performed following protocols that are compliant with guidelines of the Insti-
tutional Animal Care and Use Committee at Washington University and the National Institutes of
Health. Mouse Tracheal Epithelial Cell (MTEC) cultures were established as previously described
(Mahjoub et al., 2010, Silva et al., 2016; You and Brody, 2013; You et al., 2002). Briefly, C57BL/
6J mice were euthanized at 2-4 months of age, trachea were excised, opened longitudinally to
expose the lumen, placed in 1.5 mg/ml pronase E in DMEM/F-12 supplemented with antibiotics and
incubated at 4°C overnight. Tracheal epithelial progenitor cells were dislodged by gentle agitation
and collected in DMEM/F12 containing 10% FBS. After centrifugation at 4°C for 10 min at 800 g,
cells were resuspended in DMEM/F12 with 10% FBS and plated in a Primaria Tissue Culture dish
(Corning) for 3-4 hr at 37°C with 5% CO, to adhere contaminating fibroblasts. Non-adhered cells
were collected, concentrated by centrifugation, resuspended in an appropriate volume of MTEC-
complete medium (described in You and Brody, 2013; You et al., 2002), and seeded at a density
of 9 x 10* cells/cm? onto Transwell-Clear permeable filter supports (Corning) treated with 0.06 mg/
ml rat tail Collagen type I. Air liquid interface (ALIl) was established after cells reached confluence by
feeding cells with MTEC serum-free medium (You and Brody, 2013, You et al., 2002) only in the
lower chamber. To ablate parental centrioles using Centrinone, cells were incubated in medium sup-
plemented with 1 uM Centrinone A (Wong et al., 2015) beginning at 2 days after seeding. Cells
were cultured at 37°C with 5% CO,, and media containing Centrinone replaced every 2 days for up
to 21 days. Samples were harvested at ALl days 0, 1, 2, 3, 4, 6, 8, 12 and 21, fixed and analyzed as
described below. All chemicals were obtained from Sigma-Aldrich unless otherwise indicated. All
media were supplemented with 100 U/ml penicillin, 100 mg/ml streptomycin, and 0.25 mg/ml Fungi-
zone (all from Invitrogen). Samples were tested for mycoplasma contamination using commercially
available kits.

To induce constitutive overexpression of Plk4 in MTEC, transgenic Tg::mCherry-Plk4 animals con-
taining a Chloramphenicol Acetyl Transferase (CAT) coding sequence that includes a stop codon
flanked by two loxP sites (Dionne et al., 2018; Marthiens et al., 2012) were mated to Tg::Rosa26-
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Cre®R™ mice (Ventura et al., 2007) that conditionally express Cre-recombinase in the majority of tis-
sues. Trachea were isolated from Tg::mChPlk4-Rosa26-CreER" and basal progenitor cells isolated as
described. Cre-recombinase expression was induced by adding 1 um 4-hydroxytamoxifen (Sigma)
during the proliferation stage, beginning at 2 days post-seeding. Cells were incubated with tamoxi-
fen for a total of 4-6 days up to ALl O to induce expression of mChPlk4. Air liquid-interface was
established once cells reached full confluence, samples harvested and fixed at ALl days O, 1, 2, 3, 4,
8, 12 as described above.

Lentivirus production and cell infection

Two lentivirus-based shRNA constructs targeting mouse Plk4 (shRNA#1: nucleotides 726-747, 5'-
GCTTTGACAATCTACCAGAAA —3'; shRNA#2: nucleotides 1896-1917, 5'- CCACCAGTTACTTCG
TAGAAA —3') were used. Plasmids were obtained from the RNAi Consortium (TRC) collection avail-
able at the Washington University School of Medicine Hope Center for Neurological Disorders Viral
Vectors Core (https://hopecenter.wustl.edu). Lentivirus was produced by co-transfection of HEK293T
cells with the appropriate transfer and lentiviral helper plasmids (pCMVDR8.74 and pMD2.VSVG)
using Lipofectamine 3000. The HEK293T cells were originally obtained from the ATCC and their
identity authenticated by STR Profiling analysis. We have tested for mycoplasma contamination using
commercially available kits. To infect MTEC, cells were seeded on Transwell filters in the presence of
shRNA-expressing lentivirus at an MOI of 1, and infected cells selected with 2 ug/mL puromycin for
4-6 days until they reached confluence. ALl was established as described, and samples harvested on
the indicated days. For experiments using a combination of shRNA-mediated depletion and Centri-
none-mediated inhibition of Plk4, basal cells were infected as described above, cultured in the pres-
ence of 1 uM Centrinone, and samples harvested on the indicated days.

Immunofluorescence

For immunofluorescence assays MTEC were rinsed twice with PBS and fixed in either 100% ice-cold
methanol at —20°C for 10 min, or with 4% paraformaldehyde in PBS at room temperature for 10
min, depending on antigen. Cells were rinsed twice with PBS, filters excised from their plastic sup-
ports and cut into quarters to provide multiple equivalent samples for parallel staining. Cells were
briefly extracted with 0.2% Triton X-100 in PBS and blocked for 1 hr at room temperature with 3%
BSA (Sigma) in PBS. Samples were incubated with primary antibodies for 1 hr at room temperature
or 4°C overnight. Primary antibodies used in the study: Mouse anti-Centrin (clone 20H5; 1:2,000;
EMD Millipore 04-1624), rat anti-Cep120 (clone 2; 1:2000; Betleja et al., 2018), mouse anti-acety-
lated o-tubulin (clone 6-11B0-1; 1:5000; Sigma-T6793), rabbit anti-Cep164 (1:1000; Firat-
Karalar et al., 2014), rabbit anti-Cep135 and rabbit anti-Cep152 (1:1000; gift from R Basto, Institute
Curie, Paris, France), rabbit anti-Deup1 (1:400) and rabbit anti-Plk4 (1:200; Zhao et al., 2013), mouse
anti-Sasé (1:200; Santa Cruz - sc-81431), rabbit anti-STIL antibody (1:500; abcam-ab8%314), rat anti-
ZO-1 (1:1000; Santa Cruz sc-33725), rabbit anti-ZO-1 (1:500, Zymed Laboratories Inc - 61-7300).
Alexa Fluor dye—conjugated secondary antibodies (Invitrogen) were used at a dilution of 1:500 at
room temperature for 1 hr. Samples were mounted in Mowiol antifade medium containing N-propyl
gallate (Sigma). For whole-mount in situ staining, freshly-excised trachea were fixed using 4% para-
formaldehyde in PBS at room temperature for 5 min, then ice-cold methanol at —20°C for 5 min. The
tissue was washed in PBS, blocked and incubated with primary antibody.

Images were captured using a Nikon Eclipse Ti-E inverted confocal microscope equipped with a
60X (1.4 NA) or 100X (1.45 NA) Plan Fluor oil immersion objective lens (Nikon, Melville, NY). A series
of digital optical sections (z-stacks) were captured at 0.2 um intervals using an Andor Neo-Zyla
CMOS camera at room temperature. Three-dimensional superresolution structured illumination
microscopy (3D-SIM) images were captured on an inverted Nikon Ti-E microscope using 100X oil
objective (1.45 NA) at the Washington University Center for Cellular Imaging. Optical z-sections
were separated by 0.216 um, and 3D-SIM images were processed and reconstructed using the
Nikon Elements AR 4 Software.

Electron microscopy
MTEC grown on Transwell filters were fixed with freshly prepared 2.5% glutaraldehyde in PBS,
washed in PBS for 30 min, pre-stained with 2% osmium tetroxide and 1% uranyl acetate, dehydrated
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in graded ethanol series, and then embedded in Embed 812 resin. Samples were serially sectioned
from the cell’s apical surface to the basal membrane, above the filter. The thickness of the sections
was 80 nm (for ALI3 samples), or 120 (for ALIO samples). Serial sections were transferred onto for-
mvar coated copper slot grids, stained with 2% uranyl acetate and 0.4% lead citrate, and imaged
using a transmission electron microscope (FEI Tecnai T12) operating at 80 kV. The alignment of the
serial sections and image analysis was performed in Adobe Photoshop and Fiji (NIH).

Image analysis and measurements

Quantification of centriole abundance, deuterosome number, surface area and volume were per-
formed using Nikon Elements AR 4 Software. To determine the extent of parental centriole loss,
cells at ALI O were scored for centriole number (0, 1, 2, 3, four centrioles) per cell. To determine the
fraction of cells in the population undergoing centriole amplification during differentiation, cells at
ALl 1, 2, 3, 4 and 8 were scored for the presence of centriolar aggregates (Agg.), which then
become defined as multiciliated cells (MCC). This approach was applied to each centriolar marker,
and the percentage of the population undergoing centriole amplification determined. The surface
area was defined by staining cells with ZO-1 to mark the apical cell-cell junctions, and measured
using the thresholding algorithm (Elements AR 4). Cells were binned into three categories that
ranged from what we define as small (<50 umz), medium (50-100 umz) and large (>100 umz). Cell
volume was determined by measuring the apical-basal distance (depth), which was then multiplied
by the surface area. To quantify deuterosome number, MCC at ALl 3-4 were stained for markers of
the deuterosome and procentrioles. The number of procentriole-forming deuterosome rings/
rosettes were scored and compared in cells of similar size. The number of procentrioles per deutero-
some was calculated from 3D-SIM images. To determine the number of centrioles per cell in mature
MCC at ALI12 or 21, the spot detection tool (Elements AR 4) with a spot circular ROl of 0.26 um was
used. Centriole abundance was then grouped based on cell size as described. Centrioles density
was determined by dividing the number of centrioles per cell by the surface area.

Manipulation of cell surface area

Freshly isolated basal cells were seeded onto Transwell filters coated with varying concentrations
(from 0.06 mg/mL — 2.4 mg/mL) of type one rat tail collagen. Cells were cultured for 4-6 days until
confluent then ALI established. Samples were fixed on the indicated days as analyzed for centriole
number, surface area and volume. We found that the size of the surface area did not increase signifi-
cantly beyond 1.2 mg/mL collagen concentration, thus we set that value as the upper limit for all
subsequent analyses.

Statistical analyses

Statistical analyses were performed using GraphPad PRISM 7.0 or Microsoft Excel. The vertical seg-
ments in box plots show the first quartile, median, and third quartile. The whiskers on both ends rep-
resent the maximum and minimum values for each dataset analyzed. For bar graphs, data are
reported as mean = SEM. Collected data were examined by two-tail unpaired Student’s t-test. Statis-
tical significance was set at p<0.05.

Acknowledgements

We thank X Zhu (Shanghai Institutes for Biological Sciences, China) for generously sharing the Deup1
and Plk4 antibodies, N Da Silva and R Basto (CNRs, Institut Curie, Paris, France) for providing the
Tg::mChPIk4 mice, Cep152 and Cep135 antibodies, K Oogema and AK Shiau (Ludwig Institute for
Cancer Research, La Jolla, CA) for initially sharing the Centrinone compounds. We thank members
of the Washington University Center for Cellular Imaging (WUCCI) for assistance with some image
acquisition and data analyses. We also thank S Dutcher, P Bayly, A Horani and all members of the
Washington University Cilia Group for critical reading of the manuscript. This study was supported
by funding from the National Institute of Diabetes and Digestive and Kidney Diseases (RO1-
DK108005) to MRM, and the National Heart, Lung and Blood Institute (R01-HL128370) to MRM and
SLB. The authors declare no competing financial interests.

Nanjundappa et al. eLife 2019;8:€44039. DOI: https://doi.org/10.7554/eLife.44039 18 of 23


https://doi.org/10.7554/eLife.44039

e LI FE Research article

Cell Biology

Additional information

Funding

Funder Grant reference number  Author
National Heart, Lung, and RO1-HL128370 Steven L Brody
Blood Institute Moe R Mahjoub
National Institute of Diabetes R01-DK108005 Moe R Mahjoub
and Digestive and Kidney Dis-

eases

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Rashmi Nanjundappa, Data curation, Formal analysis, Validation, Investigation, Visualization, Meth-
odology, Writing—original draft, Writing—review and editing; Dong Kong, Formal analysis, Investi-
gation, Methodology; Kyuhwan Shim, Investigation, Methodology, Writing—review and editing; Tim
Stearns, Steven L Brody, Conceptualization, Resources, Writing—review and editing; Jadranka Lon-
carek, Formal analysis, Investigation, Methodology, Writing—review and editing; Moe R Mahjoub,
Conceptualization, Supervision, Funding acquisition, Investigation, Writing—original draft, Project
administration, Writing—review and editing

Author ORCIDs

Rashmi Nanjundappa (2 http://orcid.org/0000-0003-3621-4628
Tim Stearns @ http://orcid.org/0000-0002-0671-6582

Moe R Mahjoub ) http://orcid.org/0000-0001-8129-7464

Ethics

Animal experimentation: This study was performed in strict accordance with the recommendations
in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. More-
over, the experiments were performed following approved protocols that are compliant with guide-
lines of the Institutional Animal Care and Use Committee at Washington University (approval #
20180237). Mice were euthanized using carbon dioxide inhalation followed by cervical dislocation,
and every effort was made to minimize suffering and distress.

Decision letter and Author response
Decision letter https://doi.org/10.7554/elife.44039.017
Author response https://doi.org/10.7554/elife.44039.018

Additional files

Supplementary files
« Transparent reporting form
DOI: https://doi.org/10.7554/elife.44039.015

Data availability
All data generated or analysed during this study are included in the manuscript.

References

Al Jord A, Lemaitre Al, Delgehyr N, Faucourt M, Spassky N, Meunier A. 2014. Centriole amplification by mother
and daughter centrioles differs in multiciliated cells. Nature 516:104-107. DOI: https://doi.org/10.1038/
nature13770, PMID: 25307055

Nanjundappa et al. eLife 2019;8:€44039. DOI: https://doi.org/10.7554/eLife.44039 19 of 23


http://orcid.org/0000-0003-3621-4628
http://orcid.org/0000-0002-0671-6582
http://orcid.org/0000-0001-8129-7464
https://doi.org/10.7554/eLife.44039.017
https://doi.org/10.7554/eLife.44039.018
https://doi.org/10.7554/eLife.44039.015
https://doi.org/10.1038/nature13770
https://doi.org/10.1038/nature13770
http://www.ncbi.nlm.nih.gov/pubmed/25307055
https://doi.org/10.7554/eLife.44039

e LI FE Research article

Cell Biology

Al Jord A, Shihavuddin A, Servignat d'Aout R, Faucourt M, Genovesio A, Karaiskou A, Sobczak-Thépot J,
Spassky N, Meunier A. 2017. Calibrated mitotic oscillator drives motile ciliogenesis. Science 358:803-806.
DOI: https://doi.org/10.1126/science.aan8311, PMID: 28982797

Amirav |, Wallmeier J, Loges NT, Menchen T, Pennekamp P, Mussaffi H, Abitbul R, Avital A, Bentur L, Dougherty
GW, Nael E, Lavie M, Olbrich H, Werner C, Kintner C, Omran H, Israeli PCDClI, Israeli PCD Consortium
Investigators. 2016. Systematic Analysis of CCNO Variants in a Defined Population: Implications for Clinical
Phenotype and Differential Diagnosis. Human Mutation 37:396-405. DOI: https://doi.org/10.1002/humu.22957,
PMID: 26777464

Antoniades |, Stylianou P, Skourides PA. 2014. Making the connection: ciliary adhesion complexes anchor basal
bodies to the actin cytoskeleton. Developmental Cell 28:70-80. DOI: https://doi.org/10.1016/j.devcel.2013.12.
003, PMID: 24434137

Arquint C, Nigg EA. 2016. The PLK4-STIL-SAS-6 module at the core of centriole duplication. Biochemical Society
Transactions 44:1253-1263. DOI: https://doi.org/10.1042/BST20160116, PMID: 27911707

Aydogan MG, Wainman A, Saurya S, Steinacker TL, Caballe A, Novak ZA, Baumbach J, Muschalik N, Raff JW.
2018. A homeostatic clock sets daughter centriole size in flies. The Journal of Cell Biology 217:1233-1248.
DOI: https://doi.org/10.1083/jcb.201801014, PMID: 29500190

Betleja E, Nanjundappa R, Cheng T, Mahjoub MR. 2018. A novel Cep120-dependent mechanism inhibits
centriole maturation in quiescent cells. eLife 7:e35439. DOI: https://doi.org/10.7554/elife.35439, PMID: 2
9741480

Bettencourt-Dias M, Rodrigues-Martins A, Carpenter L, Riparbelli M, Lehmann L, Gatt MK, Carmo N, Balloux F,
Callaini G, Glover DM. 2005. SAK/PLK4 is required for centriole duplication and flagella development. Current
Biology 15:2199-2207. DOI: https://doi.org/10.1016/j.cub.2005.11.042, PMID: 16326102

Boon M, Wallmeier J, Ma L, Loges NT, Jaspers M, Olbrich H, Dougherty GW, Raidt J, Werner C, Amirav |,
Hevroni A, Abitbul R, Avital A, Soferman R, Wessels M, O’Callaghan C, Chung EM, Rutman A, Hirst RA, Moya
E, et al. 2014. MCIDAS mutations result in a mucociliary clearance disorder with reduced generation of multiple
motile cilia. Nature Communications 5:4418. DOI: https://doi.org/10.1038/ncomms5418, PMID: 25048963

Brooks ER, Wallingford JB. 2014. Multiciliated cells. Current Biology 24:R973-R982. DOI: https://doi.org/10.
1016/j.cub.2014.08.047, PMID: 25291643

Califano JP, Reinhart-King CA. 2010. Substrate stiffness and cell area predict cellular traction stresses in single
cells and cells in contact. Cellular and Molecular Bioengineering 3:68-75. DOI: https://doi.org/10.1007/s12195-
010-0102-6, PMID: 21116436

Carvalho-Santos Z, Azimzadeh J, Pereira-Leal JB, Bettencourt-Dias M. 2011. Evolution: tracing the origins of
centrioles, cilia, and flagella. The Journal of Cell Biology 194:165-175. DOI: https://doi.org/10.1083/jcb.
201011152, PMID: 21788366

Chan YH, Marshall WF. 2012. How cells know the size of their organelles. Science 337:1186-1189. DOI: https://
doi.org/10.1126/science. 1223539, PMID: 22955827

Cizmecioglu O, Arnold M, Bahtz R, Settele F, Ehret L, Haselmann-Weiss U, Antony C, Hoffmann I. 2010. Cep152
acts as a scaffold for recruitment of Plk4 and CPAP to the centrosome. The Journal of Cell Biology 191:731-
739. DOI: https://doi.org/10.1083/jcb.201007107, PMID: 21059844

Comartin D, Gupta GD, Fussner E, Coyaud E, Hasegan M, Archinti M, Cheung SW, Pinchev D, Lawo S, Raught B,
Bazett-Jones DP, Liders J, Pelletier L. 2013. CEP120 and SPICE1 cooperate with CPAP in centriole elongation.
Current Biology 23:1360-1366. DOI: https://doi.org/10.1016/}.cub.2013.06.002, PMID: 23810536

Dammermann A, Miller-Reichert T, Pelletier L, Habermann B, Desai A, Oegema K. 2004. Centriole assembly
requires both centriolar and pericentriolar material proteins. Developmental Cell 7:815-829. DOI: https://doi.
org/10.1016/j.devcel.2004.10.015, PMID: 15572125

Dionne LK, Shim K, Hoshi M, Cheng T, Wang J, Marthiens V, Knoten A, Basto R, Jain S, Mahjoub MR. 2018.
Centrosome amplification disrupts renal development and causes cystogenesis. The Journal of Cell Biology
217:2485-2501. DOI: https://doi.org/10.1083/jcb.201710019, PMID: 29895697

Dutcher SK, O'Toole ET. 2016. The basal bodies of Chlamydomonas reinhardltii. Cilia 5:18. DOI: https://doi.org/
10.1186/s13630-016-0039-z, PMID: 27252853

Firat-Karalar EN, Sante J, Elliott S, Stearns T. 2014. Proteomic analysis of mammalian sperm cells identifies new
components of the centrosome. Journal of Cell Science 127:4128-4133. DOI: https://doi.org/10.1242/jcs.
157008, PMID: 25074808

Fong CS, Mazo G, Das T, Goodman J, Kim M, O'Rourke BP, Izquierdo D, Tsou MF. 2016. 53bp1 and USP28
mediate p53-dependent cell cycle arrest in response to centrosome loss and prolonged mitosis. elLife 5:
€16270. DOI: https://doi.org/10.7554/eLife. 16270, PMID: 27371829

Goehring NW, Hyman AA. 2012. Organelle growth control through limiting pools of cytoplasmic components.
Current Biology 22:R330-R339. DOI: https://doi.org/10.1016/j.cub.2012.03.046, PMID: 22575475

Graser S, Stierhof YD, Lavoie SB, Gassner OS, Lamla S, Le Clech M, Nigg EA. 2007. Cep164, a novel centriole
appendage protein required for primary cilium formation. The Journal of Cell Biology 179:321-330.

DOI: https://doi.org/10.1083/jcb.200707181, PMID: 17954613

Habedanck R, Stierhof YD, Wilkinson CJ, Nigg EA. 2005. The polo kinase Plk4 functions in centriole duplication.
Nature Cell Biology 7:1140-1146. DOI: https://doi.org/10.1038/ncb 1320, PMID: 16244668

Hatch EM, Kulukian A, Holland AJ, Cleveland DW, Stearns T. 2010. Cep152 interacts with Plk4 and is required
for centriole duplication. The Journal of Cell Biology 191:721-729. DOI: https://doi.org/10.1083/jcb.
201006049, PMID: 21059850

Nanjundappa et al. eLife 2019;8:€44039. DOI: https://doi.org/10.7554/eLife.44039 20 of 23


https://doi.org/10.1126/science.aan8311
http://www.ncbi.nlm.nih.gov/pubmed/28982797
https://doi.org/10.1002/humu.22957
http://www.ncbi.nlm.nih.gov/pubmed/26777464
https://doi.org/10.1016/j.devcel.2013.12.003
https://doi.org/10.1016/j.devcel.2013.12.003
http://www.ncbi.nlm.nih.gov/pubmed/24434137
https://doi.org/10.1042/BST20160116
http://www.ncbi.nlm.nih.gov/pubmed/27911707
https://doi.org/10.1083/jcb.201801014
http://www.ncbi.nlm.nih.gov/pubmed/29500190
https://doi.org/10.7554/eLife.35439
http://www.ncbi.nlm.nih.gov/pubmed/29741480
http://www.ncbi.nlm.nih.gov/pubmed/29741480
https://doi.org/10.1016/j.cub.2005.11.042
http://www.ncbi.nlm.nih.gov/pubmed/16326102
https://doi.org/10.1038/ncomms5418
http://www.ncbi.nlm.nih.gov/pubmed/25048963
https://doi.org/10.1016/j.cub.2014.08.047
https://doi.org/10.1016/j.cub.2014.08.047
http://www.ncbi.nlm.nih.gov/pubmed/25291643
https://doi.org/10.1007/s12195-010-0102-6
https://doi.org/10.1007/s12195-010-0102-6
http://www.ncbi.nlm.nih.gov/pubmed/21116436
https://doi.org/10.1083/jcb.201011152
https://doi.org/10.1083/jcb.201011152
http://www.ncbi.nlm.nih.gov/pubmed/21788366
https://doi.org/10.1126/science.1223539
https://doi.org/10.1126/science.1223539
http://www.ncbi.nlm.nih.gov/pubmed/22955827
https://doi.org/10.1083/jcb.201007107
http://www.ncbi.nlm.nih.gov/pubmed/21059844
https://doi.org/10.1016/j.cub.2013.06.002
http://www.ncbi.nlm.nih.gov/pubmed/23810536
https://doi.org/10.1016/j.devcel.2004.10.015
https://doi.org/10.1016/j.devcel.2004.10.015
http://www.ncbi.nlm.nih.gov/pubmed/15572125
https://doi.org/10.1083/jcb.201710019
http://www.ncbi.nlm.nih.gov/pubmed/29895697
https://doi.org/10.1186/s13630-016-0039-z
https://doi.org/10.1186/s13630-016-0039-z
http://www.ncbi.nlm.nih.gov/pubmed/27252853
https://doi.org/10.1242/jcs.157008
https://doi.org/10.1242/jcs.157008
http://www.ncbi.nlm.nih.gov/pubmed/25074808
https://doi.org/10.7554/eLife.16270
http://www.ncbi.nlm.nih.gov/pubmed/27371829
https://doi.org/10.1016/j.cub.2012.03.046
http://www.ncbi.nlm.nih.gov/pubmed/22575475
https://doi.org/10.1083/jcb.200707181
http://www.ncbi.nlm.nih.gov/pubmed/17954613
https://doi.org/10.1038/ncb1320
http://www.ncbi.nlm.nih.gov/pubmed/16244668
https://doi.org/10.1083/jcb.201006049
https://doi.org/10.1083/jcb.201006049
http://www.ncbi.nlm.nih.gov/pubmed/21059850
https://doi.org/10.7554/eLife.44039

e LI FE Research article

Cell Biology

Herawati E, Taniguchi D, Kanoh H, Tateishi K, Ishihara S, Tsukita S. 2016. Multiciliated cell basal bodies align in
stereotypical patterns coordinated by the apical cytoskeleton. The Journal of Cell Biology 214:571-586.
DOI: https://doi.org/10.1083/jcb.201601023, PMID: 27573463

Hoh RA, Stowe TR, Turk E, Stearns T. 2012. Transcriptional program of ciliated epithelial cells reveals new cilium
and centrosome components and links to human disease. PLOS ONE 7:e52166. DOI: https://doi.org/10.1371/
journal.pone.0052166, PMID: 23300604

Holland AJ, Lan W, Niessen S, Hoover H, Cleveland DW. 2010. Polo-like kinase 4 kinase activity limits
centrosome overduplication by autoregulating its own stability. The Journal of Cell Biology 188:191-198.
DOI: https://doi.org/10.1083/jcb.200911102, PMID: 20100909

Jayaraman D, Bae BI, Walsh CA. 2018. The genetics of primary microcephaly. Annual Review of Genomics and
Human Genetics 19:177-200. DOI: https://doi.org/10.1146/annurev-genom-083117-021441, PMID: 29799801

Kalnins VI, Porter KR. 1969. Centriole replication during ciliogenesis in the chick tracheal epithelium. Zeitschrift
fiir Zellforschung und Mikroskopische Anatomie 100:1-30. DOI: https://doi.org/10.1007/BF00343818

Kleylein-Sohn J, Westendorf J, Le Clech M, Habedanck R, Stierhof YD, Nigg EA. 2007. Plk4-induced centriole
biogenesis in human cells. Developmental Cell 13:190-202. DOI: https://doi.org/10.1016/j.devcel.2007.07.002,
PMID: 17681131

Klos Dehring DA, Vladar EK, Werner ME, Mitchell JW, Hwang P, Mitchell BJ. 2013. Deuterosome-mediated
centriole biogenesis. Developmental Cell 27:103-112. DOI: https://doi.org/10.1016/j.devcel.2013.08.021,
PMID: 24075808

Kulkarni SS, Griffin JN, Date PP, Liem KF, Khokha MK. 2018. WDRS stabilizes actin architecture to promote
multiciliated cell formation. Developmental Cell 46:595-610. DOI: https://doi.org/10.1016/j.devcel.2018.08.
009, PMID: 30205038

Lambrus BG, Daggubati V, Uetake Y, Scott PM, Clutario KM, Sluder G, Holland AJ. 2016. A USP28-53BP1-p53-
p21 signaling axis arrests growth after centrosome loss or prolonged mitosis. The Journal of Cell Biology 214:
143-153. DOI: https://doi.org/10.1083/jcb.201604054, PMID: 27432896

Mahjoub MR, Xie Z, Stearns T. 2010. Cep120 is asymmetrically localized to the daughter centriole and is
essential for centriole assembly. The Journal of Cell Biology 191:331-346. DOI: https://doi.org/10.1083/jcb.
201003009, PMID: 20956381

Mahuzier A, Shihavuddin A, Fournier C, Lansade P, Faucourt M, Menezes N, Meunier A, Garfa-Traoré M, Carlier
MF, Voituriez R, Genovesio A, Spassky N, Delgehyr N. 2018. Ependymal cilia beating induces an actin network
to protect centrioles against shear stress. Nature Communications 9:2279. DOI: https://doi.org/10.1038/
s41467-018-04676-w, PMID: 29891944

Marshall WF. 2016. Cell geometry: how cells count and measure size. Annual Review of Biophysics 45:49-64.
DOI: https://doi.org/10.1146/annurev-biophys-062215-010905, PMID: 27145879

Marthiens V, Piel M, Basto R. 2012. Never tear Us apart-the importance of centrosome clustering. Journal of
Cell Science 125:3281-3292. DOI: https://doi.org/10.1242/jcs.094797, PMID: 22956721

Marthiens V, Rujano MA, Pennetier C, Tessier S, Paul-Gilloteaux P, Basto R. 2013. Centrosome amplification
causes microcephaly. Nature Cell Biology 15:731-740. DOI: https://doi.org/10.1038/ncb2746, PMID: 23666084

Meitinger F, Anzola JV, Kaulich M, Richardson A, Stender JD, Benner C, Glass CK, Dowdy SF, Desai A, Shiau AK,
Oegema K. 2016. 53bp1 and USP28 mediate p53 activation and G1 arrest after centrosome loss or extended
mitotic duration. The Journal of Cell Biology 214:155-166. DOI: https://doi.org/10.1083/jcb.201604081,
PMID: 27432897

Mercey O, Al Jord A, Rostaing P, Mahuzier A, Fortoul A, Boudjema A-R, Faucourt M, Spassky N, Meunier A.
2018. Dynamics of centriole amplification in centrosome-depleted brain multiciliated progenitors. bioRxiv.
DOI: https://doi.org/10.1101/503730

Mori M, Hazan R, Danielian PS, Mahoney JE, Li H, Lu J, Miller ES, Zhu X, Lees JA, Cardoso WV. 2017.
Cytoplasmic E2f4 forms organizing centres for initiation of centriole amplification during multiciliogenesis.
Nature Communications 8:15857. DOI: https://doi.org/10.1038/ncomms 15857, PMID: 28675157

Nano M, Basto R. 2017. Consequences of centrosome dysfunction during brain development. Advances in
Experimental Medicine and Biology 1002:19-45. DOI: https://doi.org/10.1007/978-3-319-57127-0_2, PMID: 2
8600781

Nigg EA, Holland AJ. 2018. Once and only once: mechanisms of centriole duplication and their deregulation in
disease. Nature Reviews Molecular Cell Biology 19:297-312. DOI: https://doi.org/10.1038/nrm.2017.127,
PMID: 29363672

Nunez-Ollé M, Jung C, Terré B, Balsiger NA, Plata C, Roset R, Pardo-Pastor C, Garrido M, Rojas S, Alameda F,
Lloreta J, Martin-Caballero J, Flores JM, Stracker TH, Valverde MA, Mufoz FJ, Gil-Gémez G. 2017. Constitutive
cyclin O deficiency results in penetrant hydrocephalus, impaired growth and infertility. Oncotarget 8:99261-
99273. DOI: https://doi.org/10.18632/oncotarget.21818, PMID: 29245899

Pan J, You Y, Huang T, Brody SL. 2007. RhoA-mediated apical actin enrichment is required for ciliogenesis and
promoted by Foxj1. Journal of Cell Science 120:1868-1876. DOI: https://doi.org/10.1242/jcs.005306,
PMID: 17488776

Paoletti A, Moudjou M, Paintrand M, Salisbury JL, Bornens M. 1996. Most of centrin in animal cells is not
centrosome-associated and centrosomal centrin is confined to the distal lumen of centrioles. Journal of Cell
Science 109:3089-3102. PMID: 2004043

Pearson CG, Winey M. 2010. PIk4/SAK/ZYG-1 in the regulation of centriole duplication. F1000 Biology Reports
2:58. DOI: https://doi.org/10.3410/B2-58, PMID: 21173875

Nanjundappa et al. eLife 2019;8:€44039. DOI: https://doi.org/10.7554/eLife.44039 21 of 23


https://doi.org/10.1083/jcb.201601023
http://www.ncbi.nlm.nih.gov/pubmed/27573463
https://doi.org/10.1371/journal.pone.0052166
https://doi.org/10.1371/journal.pone.0052166
http://www.ncbi.nlm.nih.gov/pubmed/23300604
https://doi.org/10.1083/jcb.200911102
http://www.ncbi.nlm.nih.gov/pubmed/20100909
https://doi.org/10.1146/annurev-genom-083117-021441
http://www.ncbi.nlm.nih.gov/pubmed/29799801
https://doi.org/10.1007/BF00343818
https://doi.org/10.1016/j.devcel.2007.07.002
http://www.ncbi.nlm.nih.gov/pubmed/17681131
https://doi.org/10.1016/j.devcel.2013.08.021
http://www.ncbi.nlm.nih.gov/pubmed/24075808
https://doi.org/10.1016/j.devcel.2018.08.009
https://doi.org/10.1016/j.devcel.2018.08.009
http://www.ncbi.nlm.nih.gov/pubmed/30205038
https://doi.org/10.1083/jcb.201604054
http://www.ncbi.nlm.nih.gov/pubmed/27432896
https://doi.org/10.1083/jcb.201003009
https://doi.org/10.1083/jcb.201003009
http://www.ncbi.nlm.nih.gov/pubmed/20956381
https://doi.org/10.1038/s41467-018-04676-w
https://doi.org/10.1038/s41467-018-04676-w
http://www.ncbi.nlm.nih.gov/pubmed/29891944
https://doi.org/10.1146/annurev-biophys-062215-010905
http://www.ncbi.nlm.nih.gov/pubmed/27145879
https://doi.org/10.1242/jcs.094797
http://www.ncbi.nlm.nih.gov/pubmed/22956721
https://doi.org/10.1038/ncb2746
http://www.ncbi.nlm.nih.gov/pubmed/23666084
https://doi.org/10.1083/jcb.201604081
http://www.ncbi.nlm.nih.gov/pubmed/27432897
https://doi.org/10.1101/503730
https://doi.org/10.1038/ncomms15857
http://www.ncbi.nlm.nih.gov/pubmed/28675157
https://doi.org/10.1007/978-3-319-57127-0_2
http://www.ncbi.nlm.nih.gov/pubmed/28600781
http://www.ncbi.nlm.nih.gov/pubmed/28600781
https://doi.org/10.1038/nrm.2017.127
http://www.ncbi.nlm.nih.gov/pubmed/29363672
https://doi.org/10.18632/oncotarget.21818
http://www.ncbi.nlm.nih.gov/pubmed/29245899
https://doi.org/10.1242/jcs.005306
http://www.ncbi.nlm.nih.gov/pubmed/17488776
http://www.ncbi.nlm.nih.gov/pubmed/9004043
https://doi.org/10.3410/B2-58
http://www.ncbi.nlm.nih.gov/pubmed/21173875
https://doi.org/10.7554/eLife.44039

e LI FE Research article

Cell Biology

Plant AL, Bhadriraju K, Spurlin TA, Elliott JT. 2009. Cell response to matrix mechanics: focus on collagen.
Biochimica Et Biophysica Acta (BBA) - Molecular Cell Research 1793:893-902. DOI: https://doi.org/10.1016/j.
bbamcr.2008.10.012

Reiter JF, Leroux MR. 2017. Genes and molecular pathways underpinning ciliopathies. Nature Reviews Molecular
Cell Biology 18:533-547. DOI: https://doi.org/10.1038/nrm.2017.60, PMID: 28698599

Revinski DR, Zaragosi LE, Boutin C, Ruiz-Garcia S, Deprez M, Thomé V, Rosnet O, Gay AS, Mercey O, Paquet A,
Pons N, Ponzio G, Marcet B, Kodjabachian L, Barbry P. 2018. CDC20B is required for deuterosome-mediated
centriole production in multiciliated cells. Nature Communications 9:4668. DOI: https://doi.org/10.1038/
s41467-018-06768-z, PMID: 30405130

Sedzinski J, Hannezo E, Tu F, Biro M, Wallingford JB. 2016. Emergence of an apical epithelial cell surface in vivo.
Developmental Cellln 36:24-35. DOI: https://doi.org/10.1016/j.devcel.2015.12.013, PMID: 26766441

Sedzinski J, Hannezo E, Tu F, Biro M, Wallingford JB. 2017. RhoA regulates actin network dynamics during apical
surface emergence in multiciliated epithelial cells. Journal of Cell Science 130:420-428. DOI: https://doi.org/
10.1242/jcs. 194704, PMID: 28089989

Sillibourne JE, Bornens M. 2010. Polo-like kinase 4: the odd one out of the family. Cell Division 5:25.

DOI: https://doi.org/10.1186/1747-1028-5-25, PMID: 20920249

Silva E, Betleja E, John E, Spear P, Moresco JJ, Zhang S, Yates JR, Mitchell BJ, Mahjoub MR. 2016. Ccdc11 is a
novel centriolar satellite protein essential for ciliogenesis and establishment of left-right asymmetry. Molecular
Biology of the Cell 27:48-63. DOI: https://doi.org/10.1091/mbc.E15-07-0474, PMID: 26538025

Sorokin SP. 1968. Reconstructions of centriole formation and ciliogenesis in mammalian lungs. Journal of cell
science 3:207-230. PMID: 5661997

Spassky N, Meunier A. 2017. The development and functions of multiciliated epithelia. Nature Reviews
Molecular Cell Biology 18:423-436. DOI: https://doi.org/10.1038/nrm.2017.21, PMID: 28400610

Srivastava S, Molinari E, Raman S, Sayer JA. 2017. Many Genes-One disease? genetics of nephronophthisis
(NPHP) and NPHP-Associated disorders. Frontiers in Pediatrics 5:287. DOI: https://doi.org/10.3389/fped.2017.
00287, PMID: 29379777

Stearns T, Evans L, Kirschner M. 1991. Gamma-tubulin is a highly conserved component of the centrosome. Cell
65:825-836. DOI: https://doi.org/10.1016/0092-8674(91)920390-K, PMID: 1840506

Steinman RM. 1968. An electron microscopic study of ciliogenesis in developing epidermis and trachea in the
embryo of Xenopus laevis. American Journal of Anatomy 122:19-55. DOI: https://doi.org/10.1002/aja.
1001220103, PMID: 5654501

Tang CJ, Lin SY, Hsu WB, Lin YN, Wu CT, Lin YC, Chang CW, Wu KS, Tang TK. 2011. The human microcephaly
protein STIL interacts with CPAP and is required for procentriole formation. The EMBO Journal 30:4790-4804.
DOI: https://doi.org/10.1038/emboj.2011.378, PMID: 22020124

Tang TK. 2013. Centriole biogenesis in multiciliated cells. Nature Cell Biology 15:1400-1402. DOI: https://doi.
org/10.1038/ncb2892, PMID: 24296417

Trappmann B, Chen CS. 2013. How cells sense extracellular matrix stiffness: a material’s perspective. Current
Opinion in Biotechnology 24:948-953. DOI: https://doi.org/10.1016/j.copbio.2013.03.020, PMID: 23611564

Ventura A, Kirsch DG, McLaughlin ME, Tuveson DA, Grimm J, Lintault L, Newman J, Reczek EE, Weissleder R,
Jacks T. 2007. Restoration of p53 function leads to tumour regression in vivo. Nature 445:661-665.

DOI: https://doi.org/10.1038/nature05541, PMID: 17251932

Vladar EK, Stratton MB, Saal ML, Salazar-De Simone G, Wang X, Wolgemuth D, Stearns T, Axelrod JD. 2018.
Cyclin-dependent kinase control of motile ciliogenesis. eLife 7:€36375. DOI: https://doi.org/10.7554/elife.
36375, PMID: 30152757

Vladar EK, Brody SL. 2013. Analysis of ciliogenesis in primary culture mouse tracheal epithelial cells. Methods in
Enzymology 525:285-309. DOI: https://doi.org/10.1016/B978-0-12-397944-5.00014-6, PMID: 23522475

Vladar EK, Stearns T. 2007. Molecular characterization of centriole assembly in ciliated epithelial cells. The
Journal of Cell Biology 178:31-42. DOI: https://doi.org/10.1083/jcb.200703064, PMID: 17606865

Wallmeier J, Al-Mutairi DA, Chen CT, Loges NT, Pennekamp P, Menchen T, Ma L, Shamseldin HE, Olbrich H,
Dougherty GW, Werner C, Alsabah BH, Kéhler G, Jaspers M, Boon M, Griese M, Schmitt-Grohé S,
Zimmermann T, Koerner-Rettberg C, Horak E, et al. 2014. Mutations in CCNO result in congenital mucociliary
clearance disorder with reduced generation of multiple motile cilia. Nature Genetics 46:646-651. DOI: https://
doi.org/10.1038/ng.2961, PMID: 24747639

Wells RG. 2008. The role of matrix stiffness in regulating cell behavior. Hepatology 47:1394-1400. DOI: https://
doi.org/10.1002/hep.22193, PMID: 18307210

Werner ME, Hwang P, Huisman F, Taborek P, Yu CC, Mitchell BJ. 2011. Actin and microtubules drive differential
aspects of planar cell polarity in multiciliated cells. The Journal of Cell Biology 195:19-26. DOI: https://doi.org/
10.1083/jcb.201106110, PMID: 21949415

Wong YL, Anzola JV, Davis RL, Yoon M, Motamedi A, Kroll A, Seo CP, Hsia JE, Kim SK, Mitchell JW, Mitchell BJ,
Desai A, Gahman TC, Shiau AK, Oegema K. 2015. Cell biology. reversible centriole depletion with an inhibitor
of Polo-like kinase 4. Science 348:1155-1160. DOI: https://doi.org/10.1126/science.aaa5111, PMID: 25931445

Xie Z, Moy LY, Sanada K, Zhou Y, Buchman JJ, Tsai LH. 2007. Cep120 and TACCs control interkinetic nuclear
migration and the neural progenitor pool. Neuron 56:79-93. DOI: https://doi.org/10.1016/j.neuron.2007.08.
026, PMID: 17920017

You Y, Richer EJ, Huang T, Brody SL. 2002. Growth and differentiation of mouse tracheal epithelial cells:
selection of a proliferative population. American Journal of Physiology-Lung Cellular and Molecular Physiology
283:L1315-L1321. DOI: https://doi.org/10.1152/ajplung.00169.2002, PMID: 12388377

Nanjundappa et al. eLife 2019;8:€44039. DOI: https://doi.org/10.7554/eLife.44039 22 of 23


https://doi.org/10.1016/j.bbamcr.2008.10.012
https://doi.org/10.1016/j.bbamcr.2008.10.012
https://doi.org/10.1038/nrm.2017.60
http://www.ncbi.nlm.nih.gov/pubmed/28698599
https://doi.org/10.1038/s41467-018-06768-z
https://doi.org/10.1038/s41467-018-06768-z
http://www.ncbi.nlm.nih.gov/pubmed/30405130
https://doi.org/10.1016/j.devcel.2015.12.013
http://www.ncbi.nlm.nih.gov/pubmed/26766441
https://doi.org/10.1242/jcs.194704
https://doi.org/10.1242/jcs.194704
http://www.ncbi.nlm.nih.gov/pubmed/28089989
https://doi.org/10.1186/1747-1028-5-25
http://www.ncbi.nlm.nih.gov/pubmed/20920249
https://doi.org/10.1091/mbc.E15-07-0474
http://www.ncbi.nlm.nih.gov/pubmed/26538025
http://www.ncbi.nlm.nih.gov/pubmed/5661997
https://doi.org/10.1038/nrm.2017.21
http://www.ncbi.nlm.nih.gov/pubmed/28400610
https://doi.org/10.3389/fped.2017.00287
https://doi.org/10.3389/fped.2017.00287
http://www.ncbi.nlm.nih.gov/pubmed/29379777
https://doi.org/10.1016/0092-8674(91)90390-K
http://www.ncbi.nlm.nih.gov/pubmed/1840506
https://doi.org/10.1002/aja.1001220103
https://doi.org/10.1002/aja.1001220103
http://www.ncbi.nlm.nih.gov/pubmed/5654501
https://doi.org/10.1038/emboj.2011.378
http://www.ncbi.nlm.nih.gov/pubmed/22020124
https://doi.org/10.1038/ncb2892
https://doi.org/10.1038/ncb2892
http://www.ncbi.nlm.nih.gov/pubmed/24296417
https://doi.org/10.1016/j.copbio.2013.03.020
http://www.ncbi.nlm.nih.gov/pubmed/23611564
https://doi.org/10.1038/nature05541
http://www.ncbi.nlm.nih.gov/pubmed/17251932
https://doi.org/10.7554/eLife.36375
https://doi.org/10.7554/eLife.36375
http://www.ncbi.nlm.nih.gov/pubmed/30152757
https://doi.org/10.1016/B978-0-12-397944-5.00014-6
http://www.ncbi.nlm.nih.gov/pubmed/23522475
https://doi.org/10.1083/jcb.200703064
http://www.ncbi.nlm.nih.gov/pubmed/17606865
https://doi.org/10.1038/ng.2961
https://doi.org/10.1038/ng.2961
http://www.ncbi.nlm.nih.gov/pubmed/24747639
https://doi.org/10.1002/hep.22193
https://doi.org/10.1002/hep.22193
http://www.ncbi.nlm.nih.gov/pubmed/18307210
https://doi.org/10.1083/jcb.201106110
https://doi.org/10.1083/jcb.201106110
http://www.ncbi.nlm.nih.gov/pubmed/21949415
https://doi.org/10.1126/science.aaa5111
http://www.ncbi.nlm.nih.gov/pubmed/25931445
https://doi.org/10.1016/j.neuron.2007.08.026
https://doi.org/10.1016/j.neuron.2007.08.026
http://www.ncbi.nlm.nih.gov/pubmed/17920017
https://doi.org/10.1152/ajplung.00169.2002
http://www.ncbi.nlm.nih.gov/pubmed/12388377
https://doi.org/10.7554/eLife.44039

e LI F E Research article Cell Biology

You Y, Brody SL. 2013. Culture and differentiation of mouse tracheal epithelial cells. Methods in Molecular
Biology 945:123-143. DOI: https://doi.org/10.1007/978-1-62703-125-7_9, PMID: 23097105

Zhao H, Zhu L, Zhu Y, Cao J, Li S, Huang Q, Xu T, Huang X, Yan X, Zhu X. 2013. The Cepé63 paralogue Deup1
enables massive de novo centriole biogenesis for vertebrate multiciliogenesis. Nature Cell Biology 15:1434—
1444. DOI: https://doi.org/10.1038/ncb2880, PMID: 24240477

Zhao H, Chen Q, Fang C, Huang Q, Zhou J, Yan X, Zhu X. 2019. Parental centrioles are dispensable for
deuterosome formation and function during basal body amplification. EMBO Reports 20:€46735. DOI: https://
doi.org/10.15252/embr.201846735, PMID: 30833343

Nanjundappa et al. eLife 2019;8:€44039. DOI: https://doi.org/10.7554/eLife.44039 23 of 23


https://doi.org/10.1007/978-1-62703-125-7_9
http://www.ncbi.nlm.nih.gov/pubmed/23097105
https://doi.org/10.1038/ncb2880
http://www.ncbi.nlm.nih.gov/pubmed/24240477
https://doi.org/10.15252/embr.201846735
https://doi.org/10.15252/embr.201846735
http://www.ncbi.nlm.nih.gov/pubmed/30833343
https://doi.org/10.7554/eLife.44039

	Regulation of cilia abundance in multiciliated cells
	Please let us know how this document benefits you.
	Recommended Citation
	Authors

	15572366132143 1..23

