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SUMMARY

Multiciliated cells (MCCs) ensure fluid circulation in various organs. Their differentiation is marked by the

amplification of cilia-nucleating centrioles, driven by a genuine cell-cycle variant, which is characterized

by wave-like expression of canonical and non-canonical cyclins such as Cyclin O (CCNO). Patients with

CCNO mutations exhibit a subtype of primary ciliary dyskinesia called reduced generation of motile cilia

(RGMC). Here, we show thatCcno is activated at the crossroads of the onset of MCC differentiation, the entry

into theMCCcell-cycle variant, and the activation of the centriole biogenesis program. Its absence blocks the

G1/S-like transition of the cell-cycle variant, interrupts the centriologenesis transcription program, and com-

promises the production of centrioles and cilia in mouse brain and human respiratory MCCs. Altogether, our

study identifies CCNO as a core regulator of entry into the MCC cell-cycle variant and the interruption of this

variant as one etiology of RGMC.

INTRODUCTION

Multiciliated cells (MCCs) propel physiological fluids within the

lumen of several fluid-producing organs. In the brain ventricles,

they contribute to the flow of cerebrospinal fluid; in the respira-

tory tract, they are necessary for mucociliary clearance; and in

the female and male reproductive tracts, they contribute to the

movement of eggs and sperm, respectively.1–4 A key event dur-

ingMCC differentiation is themassive amplification of centrioles,

which then mature as basal bodies for nucleating tufts of motile

cilia. Although MCCs from different tissues do not share the

same cell lineage, themolecular cascade that regulates centriole

Cell Reports --, 115117, --, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
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amplification seems well conserved and shares similarities with

the centriole duplication program during the cell cycle. This pro-

cess requires critical centriolar assembly proteins such as PLK4

and SAS65–7 and master cell-cycle regulators such as cyclin-

dependent kinase 1 (CDK1), CDK2, PLK1, and APC/C that con-

trol centriole number and maturation.8–10 In a companion study

onmouse brainMCCs,11we further show that besides these reg-

ulators, the majority of cell-cycle players are re-expressed and

orchestrate a cell-cycle variant progressing through S-, G2-,

and M-like phases and tailored with wave-like expression of ca-

nonical and non-canonical cyclins during MCC differentiation.

This cell-cycle variant is also conserved in various mouse tis-

sues11,12 and seems conserved in human airways.11

The contribution of Cyclin O (CCNO)—the first non-canonical

cyclin expressed during this cell-cycle variant—toMCC differen-

tiation was first discovered in human patients with mutations in

the CCNO gene. These patients suffer from a distinctive form

of primary ciliary dyskinesia (PCD) referred to as reduced gener-

ation of multiple motile cilia (RGMC) because of cilia rarity in the

airway epithelium.13–18 In parallel, an in-depth study of airway

MCCs fromCcnomutantmice showed a disorganized amplifica-

tion of centrioles, ultimately resulting in incomplete multiciliation

(Funk et al.,19 CcnoRA). Similarly, in the multiciliated epidermis of

Xenopus larvae, a surrogate model of mammalian MCC-bearing

epithelia, morpholino-mediated inhibition of CCNO function re-

sults in a reduced number of centrioles and cilia.13,18 Although

not comprehensively studied at the cellular level, the phenotype

appears similar in the oviducts of fullCcno knockout mice, with a

decrease in the number of cilia per cell,20 and in the efferent

ducts of the testes, where a loss of multiciliation is observed.3

In mouse brain, the cellular phenotype appears more severe

but is not quantified.20

The clinical phenotype of patients suffering from RGMC with

CCNOmutations unequivocally defines CCNO as a determinant

for MCC function. However, the cellular phenotype of CCNO

depletion varies from a delayed and defective centriole amplifi-

cation leading to partial multiciliation to a total absence of cilia,

depending on how CCNO is depleted, the cellular model, and

the species examined.3,18–20Moreover, themechanism of action

of CCNO in the MCC differentiation program remains unknown.

Here, using two mouse models for Ccno loss of function, as well

as airway MCCs derived from human embryonic stem cells

(hESCs) and nasal biopsies from patients suffering from PCD

with CCNO mutations, we show that: (1) a subpopulation of

airway MCCs from Ccno mutant mice can amplify centrioles,

albeit abnormally, while human airway MCCs cannot; (2) mouse

brain MCCs display a phenotype comparable to that of human

airway MCCs, where centrioles are not produced in the absence

of CCNO; and (3) CCNO controls centriole amplification by regu-

lating entry into the MCC differentiation cell-cycle variant.

RESULTS

Mutated Ccno progenitors fail to develop into MCCs in

the mouse brain compared to the mouse trachea

Discrepancies between cellular models in the literature promp-

ted us to test whether a differential phenotype could exist be-

tween brain and airway MCCs frommice without CCNO. Human

and mouse CCNO proteins share similarities with other canoni-

cal cyclins such as CCNA, CCNB, and CCNE (Figure S1A). The

Ccno locus is overall well conserved across vertebrates, exhib-

iting collinearity with Mcidas immediately downstream of Ccno,

although we note that Ccno and Mcidas collinearity is absent

in zebrafish (Defosset et al.21; Figure S1A). We first leveraged

the CcnoRA mouse model, where 2 out of 3 exons of Ccno are

lacking (Figure S1B, Funk et al.19), and performed whole-tissue

immunostaining of glutamylated tubulin (GT335) to detect multi-

ple cilia of MCCs and the primary cilium of other cell types

including MCC progenitors from samples of both lateral ventric-

ular walls of the brain and trachea. To circumvent individual vari-

ability, we compared brain and airway epithelia dissected from

the same individuals at postnatal day 35 (P35), whenMCC differ-

entiation is complete in both tissues. As previously published,19

we observed MCCs in CcnoRA tracheal tissues, albeit more

scarcely distributed than in the controls. However, in the same

individuals, MCCs are very rarely observed in brain lateral ven-

tricular walls (LVW), while they cover the whole LVW in the brains

of control animals (Figure S1C).

To test whether the truncated CCNO protein that could poten-

tially be translated in the CcnoRA model could be responsible for

the partial multiciliation observed in tracheal tissues, we then

leveraged mutants with a complete deletion of the Ccno gene

locus (CcnoKO, Figure S1B; Núnez-Ollé et al.20). Here again,

almost no MCCs were observed in the brain, while in the trachea

of the same individuals MCCs can still be formed, albeit with

approximately 70% reduction compared to controls (Figures 1A

and 1B). In the mutants’ brain, the few MCCs produced have an

abnormalmorphology,with very few cilia. In the trachea, however,

half of MCCs present a seemingly normal morphology while the

other half present more scarcely distributed multiple cilia, as pre-

viously described in mouse CcnoRA respiratory cells (Figures 1C

and 1D; Funk et al.19).

Altogether, this shows that in bothCcnomutants, a differential

phenotype exists between brain and tracheal MCCs, which sug-

gests that in mouse, CCNO is essential for MCC formation in the

brain, while its absence can be partially compensated for in the

tracheal tissues. Due to the wide range of severe clinical mani-

festations of patients with CCNO mutations,13 we decided to

further assess the function of CCNO inMCC differentiation using

mouse brain MCCs as a model system.

CCNO stands at the crossroads between MCC

differentiation, MCC cell-cycle variant, and centriole

amplification pathways

We sought to identify the molecular and cellular processes of

MCC differentiation that are controlled by CCNO. We first per-

formed immunostaining for CCNOprotein during in vitro differen-

tiation of MCC brain progenitors. We found that CCNO protein is

absent before the onset of centriole amplification, when progen-

itors display a single centrosome (labeled by FOP). CCNO is then

detected as cells enter the amplification ‘‘A’’ phase, when pro-

centrioles amplify, and during the growth ‘‘G’’ phase, when pro-

centrioles mature, with enrichment in the nuclear compartment.

Eventually, CCNO is sharply reduced in both cell compartments

during the disengagement ‘‘D’’ phase, when centrioles begin to

disengage from their growing platforms, the deuterosomes,
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and until multiciliation (Figures 2A, 2B, and S2A; Al Jord et al.8).

CCNO seems to be mostly nuclear located as shown by the in-

tensity ratio of nuclear/cytoplasmic signal in A and G phases

(Figure 2B).

To further refine the context in which Ccno is expressed, we

leveraged the MCC differentiation lineage pseudotime inferred

from the single-cell transcriptomics dataset described in Serizay

et al.,11 comprising (1) cycling and quiescent brain MCC progen-

itors, (2) differentiating MCC progenitors (identified as early, mid,

and late deuterosomal cells), and (3) terminally differentiated

MCCs (Figures 2C–2E). In this continuous transcriptional land-

scape and consistent with immunostaining data, Ccno is not ex-

pressed in MCC progenitors, is activated in the early and mid

deuterosomal cell clusters, and is then silenced along the rest

of the differentiation process (Figures 2C–2F). Cell-cycle phase

annotations from neural stem cell single-cell RNA sequencing

(scRNA-seq)22 detects Ccno-expressing cells as progressing

fromG0/G1- to S/G2- and G2/M-like phases of the cell cycle (Fig-

ure 2E). Finally, we show in our associated study11 that Ccno

expression is temporally correlated with the expression of

centriole biogenesis core components.

We further analyzed the temporality of Ccno expression

compared to core regulators of (1) MCC fate determination, (2)

MCC cell-cycle variant, and (3) centriole biogenesis. First, the

temporality of expression ofMCC fate determinants is consistent

with functional studies23,24 where the lineage determinant Gmnc

is expressed first, specifically in the progenitor and early deuter-

osomal clusters, followed by Myb, involved in multilineage

airway epithelial cell differentiation25 expressed from late-pro-

genitor to mid-deuterosomal clusters. Foxj1 is also upregulated

in the progenitor clusters but remains expressed during the

whole differentiation process, consistent with its role in late

events during MCC differentiation. Finally, transcription factor

p73 expression occurs early on in the early deuterosomal cluster,

whereas Mcidas is expressed slightly later, in early- and mid-

deuterosomal clusters (Figures 2G, 2H, and S2B). In this tran-

scriptional landscape and consistent with identifying Ccno as a

Myb-regulated gene,25 Ccno activation and duration of expres-

sion is comparable to that of Myb from late-progenitor to mid-

deuterosomal clusters. Unexpectedly, however, Ccno activation

seems to occur slightly beforeMcidas (Figures 2G, 2H, and S2D).

Within the MCC cell-cycle variant, and consistent with cell-cy-

cle phase annotations, the onset of Ccno expression is consecu-

tive to the activation of typical G1 factors (Cdkn1A [p21] and Rb1),

is concomitant with S factors (Cdt1, FACTcomplex subunitSsrp1,

and the catalytic subunit of DNA polymerase alpha [Pola1]), and

precedes and overlaps the activation of factors involved in mitotic

progression (Plk1, Ube2c subunit of APC/C, APC/C cofactor

Cdc20). These cell-cycle core regulators are silenced before or,

eventually, concomitantly with Ccno (Figure 2I).

Finally, concerning the centriole biogenesis molecular subpro-

cesses, Ccno activation is concomitant with the centriole scaf-

folding genes Deup1 and Cep152 and slightly precedes the

expression of cartwheel components Plk4, Stil, and Sass6. The

duration of expression of all these early genes is comparable

with that of Ccno. The onset of expression of genes involved in

centriole growth and maturation (Poc5, Cep164, and Ninein) oc-

curs later and continues after Ccno silencing. Finally, the motile

A B

C D

Figure 1. Mutated Ccno progenitors fail to

develop into MCCs in the mouse brain

compared to the mouse trachea

(A) Immunostaining of control and CcnoKO mice

lateral ventricular wall (LVW) of the brain and tra-

chea dissected from the same animal at P22, with

polyglutamylation marker GT335 for cilia. Scale

bars, 10 mm.

(B) Quantification of MCCs per microscope field in

both LVW and trachea of P11 to P22 mice. Images

from 12 control mice and 6 CcnoKO mice were

quantified, with 3–6 images per immunostained

tissue. Control LVW, 100 values; CcnoKO LVW, 60

values; control trachea, 59 values; CcnoKO tra-

chea, 30 values. p values are derived from two-

tailed Mann-Whitney U test, ****p < 0.0001. The

violin plots represent the distribution of values; the

dashed horizontal line shows the median value,

and the dotted horizontal lines show the inter-

quartile range.

(C) The few MCCs found in the brain are almost all

abnormal in the CcnoKO, with very few and disor-

ganized cilia per cell, as shown by upper panels. In

theCcnoKO trachea, half of the formedMCCs have

a normal morphology; the rest is abnormal, as

indicated by the bottom panels. Scale bars, 5 mm.

(D) Quantification of normal MCCs in both LVW

and trachea of P11–P22 mice in the same images

quantified for (B). p values are derived from two-

sided chi-squared test (two-proportion Z test),

****p < 0.0001.

See also Figure S1.
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(legend on next page)
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cilia genes Dnaic2, Hydin, and Rsph14 are expressed later, only

partially overlapping with decreasing expression of Ccno

(Figures 2J and S2C).

Together, these observations highlight the strategic temporal

window during which Ccno is activated, at the crossroads be-

tween the onset of MCC differentiation, the entry into the MCC

cell-cycle variant, and the activation of the centriole biogenesis

program.

CCNO is required for the early progression of MCC

differentiation

We sought to decipher at which step of MCC differentiation

CCNO is required. We performed scRNA-seq on differentiating

ependymal progenitor cells harvested in vitro from three different

CcnoKO individuals at day in vitro 2 (DIV2) (see STAR Methods)

and compared the cell composition with that observed in

scRNA-seq from wild-type (WT) individuals (Figure S3A). In

CcnoKO mutants, cells at the mid- and late-deuterosome stages

are no longer observed, indicating that the MCC cell-differentia-

tion process is aborted early on. Consistent with this finding, a

drastic reduction of terminally differentiated MCCs is observed,

recapitulating immunostaining observations. By contrast and as

expected, proliferating progenitors, which do not express Ccno,

are unaffected in CcnoKO samples (Figure S3A).

We inferred a shared differentiation lineage from co-

embeddedWT and CcnoKO cells. We used it to precisely identify

the lineage time point at which CcnoKO deuterosomal cells stop

differentiating (Figures S3B and S3C; STAR Methods), corre-

sponding to a transcriptional state reached by deuterosomal

cells in bothWT andCcnoKO conditions.We reannotated deuter-

osomal cells prior to this lineage time point as primordial deuter-

osomal cells (Figure 3A). In CcnoKO primordial deuterosomal

cells, the master regulator of MCC differentiation Gmnc is not

differentially expressed, confirming that CcnoKO cells success-

fully engage in the MCC fate (Figure 3B). Consistently, Foxj1,

Myb, and p73 are also not differentially expressed inCcnoKO pri-

mordial deuterosomal cells (Figures 3B and S3D), and FOXJ1+

cells are present in comparable proportions in in vitro cultures

of WT or CcnoKO differentiating radial glial mouse progenitors

(Figure 3C). In contrast, Mcidas expression is halved in CcnoKO

primordial deuterosomal cells compared to their WT counter-

parts (Figure 3B), contrary to what has been previously docu-

mented in mouse tracheal epithelial cells (mTECs) by bulk RT-

qPCR.19 We transfected CcnoKO cells with Mcidas or Mcidas +

Ccno and could only restore multiciliogenesis when both factors

were re-expressed, indicating that the MCC differentiation arrest

in CcnoKO is not caused by the decreased expression ofMcidas

(Figure S3E).

To further characterize the transcriptional landscape preced-

ing the differentiation arrest, we performed genome-wide differ-

ential expression analysis between WT and CcnoKO primordial

deuterosomal cells (Figure 3D). We identified dozens of differen-

tially expressed genes, such asCdc20, Top2a,Aurka,Wee1, and

Plk4 that are downregulated in CcnoKO cells orCfap53, Pifo, and

Spag1 genes that are upregulated in CcnoKO cells. Using

genome-wide gene set enrichment analysis (GSEA), we found

that sets of genes involved in cell-cycle pathways, including

cell-cycle regulation and centrosome regulation, are overall

downregulated in CcnoKO primordial deuterosomal cells. In

contrast, sets of genes involved in cilia biogenesis and motility

are upregulated in CcnoKO primordial deuterosomal cells (Fig-

ure 3E). These results reveal that in the absence of Ccno, MCC

progenitors can enter the MCC differentiation lineage and even

trigger the expression of cilia biogenesis factors. However,

they arrest early on in the differentiation process, concomitantly

with a decreased expression of cell-cycle and centriole biogen-

esis factors.

Absence of CCNO blocks the progression through the

MCC cell-cycle variant

Waves of canonical and non-canonical cyclins segment the

MCC cell-cycle variant in successive phases, as described in

Figure 2. Cyclin O is expressed at the onset of MCC differentiation, MCC cell-cycle variant, and MCC centriole amplification

(A) Immunostaining of ependymal cells in culture at day in vitro 5 (DIV5) for FOP (centrioles), GT335 (cilia), and CCNO. CCNO staining is shown for themain stages

of centriolar multiplication, from the progenitor 2-centrioles state to the fully mature multiciliated cell (MCC). Centrioles are represented by rectangles with black

borders, deuterosomes by red circles, and cilia by gray lines. Scale bars, 5 mm.

(B) Nuclear and cytoplasmic intensity quantification of CCNO staining during the different stages shown in (A), normalized to the mean of centrosome stage

intensity. The violin plots represent the distribution of values; the dashed horizontal line shows the median value, and the dotted horizontal lines show the in-

terquartile range. Bottom graph shows nuclear/cytoplasmic intensity ratio (mean ± SD) per quantified coverslip for each stage. Values from n = 3 independent

cultures of several WTmice pooled together for each experiment. Nuclear intensity: centrosome, 470 cells; A phase, 92 cells, G phase, 59 cells; D phase, 66 cells;

MCCs, 188 cells. Cytoplasmic intensity: centrosome, 269 cells; A phase, 92 cells; G phase, 58 cells; D phase, 63 cells; MCCs, 175 cells. p values are derived from

Kruskal-Wallis test + Dunn’s multiple comparisons, ****p < 0.0001.

(C) scRNA-seq data of cultured ependymal cells at DIV2 and their cluster annotation in uniform manifold approximation and projection (UMAP), as described in

Serizay et al.11

(D) UMAP of cells colored by their pseudotime from 0 (cycling progenitors) to 1 (late MCCs), with intermediate values attributed to progenitors and differentiating

cells, as described in Serizay et al.11

(E) UMAP of cells colored by their putative cell-cycle phase annotations inferred from neural stem cells,22 as described in Serizay et al.11

(F) UMAP of cells colored by their Ccno level of expression. Expression spans early and mid deuterosomal cell clusters described in (C).

(G) Schematic representation of the main differentiation factors and centriolar assembly proteins involved in MCC differentiation steps.

(H) Expression of several MCC differentiation factors along differentiation pseudotime and their mean expression (black line), compared to Ccno expression

(green thick line).

(I) Expression of cell-cycle factors along differentiation pseudotime and their mean expression (black line) compared to Ccno expression (green thick line).

(J) Expression of centriole biogenesis factors along differentiation pseudotime and their mean expression (black line) compared to Ccno expression (green thick

line).

See also Figure S2.
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B C

D E

Figure 3. CCNO is required for the early progression of MCC differentiation

(A) scRNA-seq data of CcnoKO cells compared to the previously shown dataset of WT cells (Figure 2C). CcnoKO cells are projected onto the WT UMAP

embedding, and annotations are transferred fromWT toCcnoKO cells. Note that very few cells in the deuterosomal clusters are present in theCcnoKO. Primordial

deuterosomal cell clusters, present in WT and CcnoKO samples, are shown in yellow.

(legend continued on next page)
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the companion study. CCNO is the main cyclin expressed

during the first part of the MCC cell-cycle variant.11 We further

analyzed the CcnoKO scRNA-seq data and found that, whereas

WT deuterosomal cells can progress into S-like and G2/M-like

phases, CcnoKO primordial deuterosomal cells arrest just before

the transition into the S-like phase (Figures 4A and 4B). Consis-

tent with CCNO being phylogenetically closer to canonical cell-

cycle cyclins than to atypical cyclins (Quandt et al.26; Figure S1A),

this suggests that CCNO is required for the progression of pro-

genitor cells through cell-cycle-like phases of differentiation,

comparable to the role of the canonical CCNE2 for progression

through the G1/S phase of the canonical cell cycle.

To validate the role of Ccno for progression through succes-

sive phases of the MCC cell-cycle variant, we performed immu-

nostaining on p27Kip1, whose degradation is a hallmark of cycling

cells entering S phase27 and of differentiating MCCs progressing

through the A, G, or D stages of centriole amplification.8 We

quantified p27 negativity in FOXJ1+ WT or CcnoKO cells. In

contrast to the increasing number of FOXJ1+/p27� cells in WT

progressing into the MCC differentiation early A stage (z40%),

we observed very few FOXJ1+/p27� cells in FOXJ1+ CcnoKO

cells (z4%), closer to WT FOXJ1+ cells before centriole amplifi-

cation, at the ‘‘centrosome’’ stage (z1%, Figures 4C and 4D).

We also stainedWT andCcnoKO cultures for retinoblastoma pro-

tein phosphorylation (pRB pSer807/811), another hallmark of

cycling cells entering S phase,28 which was recently shown to

also turn positive during early MCC differentiation.29,30 Consis-

tent with the p27 observations, while the proportion of pRB+ cells

begins to increase in FOXJ1+ WT cells entering A stage (z36%),

very few cells are pRB+ in FOXJ1+ CcnoKO cells (z3%), a pro-

portion comparable to the proportion observed in WT FOXJ1+

cells at the centrosome stage (z4%) (Figures 4E and 4F).

Together, these results show that CcnoKO cells can commit to

becoming MCCs but stop their differentiation before p27 degra-

dation andRB1phosphorylation, suggesting that CCNO is neces-

sary to enter the S-like phase of the MCC cell-cycle variant.

Absence of CCNO blocks centriole amplification at the

onset of centriole biogenesis

To better characterize the differentiation arrest in CcnoKO cells

with regard to centriole biogenesis, we analyzed the expression

of genes coding for (1) DEUP1, the main component of deutero-

somes involved in the scaffolding of centriole biogenesis, (2)

PLK4, the master regulatory kinase involved in centriole assem-

bly, and (3) SAS6, the cartwheel protein necessary for the onset

of centriole assembly. Temporal gene-expression analysis of the

scRNA-seq data show that Deup1 is successfully activated in

CcnoKO cells at the primordial stage. Plk4 is also activated in

mutant cells, although slightly downregulated (Figure 3D), and

Sass6, predominantly expressed after the primordial stage, re-

mains unexpressed in CcnoKO cells (Figure 5A). These data sug-

gest that, at least at the transcriptional level, CcnoKO cells can

prepare for centriole amplification by expressing Deup1 and

Plk4 early in the primordial, G0/G1-like phase. The arrest before

the expression of Sass6 suggests that they may not be able to

progress further in the centriole biogenesis program.

To confirm whether and how the absence of CCNO blocks

centriole biogenesis, we immunostained whole lateral ventricles

and cultured ependymal cells for early centriole biogenesis mo-

lecular players. CcnoKO cells can express DEUP1 and form deu-

terosomes in vivo and in vitro (Figures 5B, 5C, S4A, and S4B),

albeit fewer and bigger (Figures 5B and 5D), suggesting they

are blocked during centriole amplification. Consistent with

scRNA-seq data, CcnoKO cells also express PLK4 that can

take the form of doughnuts, suggesting that PLK4 is correctly re-

cruited by deuterosomes (Figures 5B, 5E, S4A, and S4C). How-

ever, while DEUP1+ cells are more numerous in CcnoKO cells

compared to the WT, the number of PLK4+ cells is comparable

to that in the WT, suggesting that some CcnoKO cells, blocked

in amplification, fail to express, recruit, or maintain PLK4

(Figures 5C and 5E). While the early onset of amplification seems

to proceed, almost no SAS6+ cells are observed in vitro or in vivo

in CcnoKO compared to the WT (Figures 5B, 5F, S4A, and S4D).

No SAS6 is colocalized with DEUP1+ or PLK4+ structures

(Figures 5B, 5G, S4A, and S4E). These observations are also

applicable to CcnoRA cultured cells (Figure S4F). Consistent

with the apparent absence of SAS6+ procentrioles, both CcnoKO

and CcnoRA cells lack mature centrioles (Figure S4G). Interest-

ingly, while we previously showed that overexpression ofMcidas

in CcnoKO cells fails to restore multiciliation, looking at the pro-

gression of centriole amplification in this condition revealed

that Mcidas overexpression restores the formation of A-stage

SAS6+ procentrioles in a small subset of cells (Figure S4H), sug-

gesting that a positive feedback mechanism exists between

Mcidas and Ccno. Such a feedback mechanism could be based

on the physical proximity of Ccno and Mcidas loci, whose

genomic collinearity is conserved across tetrapods (Figure S1A).

However, the procentrioles formed uponMcidas overexpression

never reach maturity, explaining the absence of multiciliation

rescue (Figures S3E and S4H).

(B) Upper panels: MCC differentiation factors Gmnc, Foxj1, and Mcidas expression (logcounts) along MCC differentiation pseudotime from WT and CcnoKO

samples. Dots represent the level of expression in individual cells and lines represent the mean expression. Boxes outline the primordial deuterosome cell stage.

Lower panel: Gmnc and Foxj1 expression in primordial deuterosomal cells is similar in WT and CcnoKO, and Mcidas expression is slightly downregulated in the

CcnoKO primordial cells.

(C) Left: immunostaining of FOXJ1 in in vitro ependymal cell cultures. Scale bars, 10 mm. Right: quantification of the proportion of control vs. CcnoKO FOXJ1-

positive cells in cultures from DIV2 to DIV23, showing that FOXJ1 expression is not affected in CcnoKO cells at the protein level. Images from cultured cells of five

control mice and eightCcnoKOmice at the different agesmentionedwere quantified. p values are derived from two-sided chi-squared test (two-proportionZ test);

ns, not significant.

(D) Genome-wide differential expression analysis between WT and CcnoKO primordial deuterosomal cell clusters, showing 59 genes upregulated and 41 genes

downregulated in the CcnoKO.

(E) GSEA of genes ranked by their expression change in CcnoKO vs. WT primordial deuterosomal cells, showing upregulation of genes involved in cilia motility in

CcnoKO primordial cells and a downregulation of genes involved in cell cycle and centrosome regulation.

See also Figure S3.
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To test the presence of procentrioles at the ultrastructural

level, we used transmission electron microscopy (TEM) on

cultured cells of both WT and CcnoRA undergoing MCC differ-

entiation. While WT cells undergoing differentiation show

deuterosomes decorated with A- or G-stage procentrioles, no

procentrioles are detected on deuterosomes in CcnoRA differ-

entiating cells (Figures 5H and S5). In addition, and consistent

with immunostaining data, deuterosomes are fewer, larger,

and denser in CcnoRA cells than in WT cells (Figures 5D, 5H,

S4F, and S5).

A

C

D

E F

B

Figure 4. Absence of CCNO blocks progression through the MCC cell-cycle variant

(A) Putative cell-cycle phase annotations of WT and CcnoKO cells, showing a lack of S/G2/M-like deuterosomal cells in the CcnoKO.

(B) Putative cell-cycle phase annotations for each cluster inWT andCcnoKO samples along a shared differentiation pseudotime, showing thatCcnoKO are blocked

at the G0/G1-like phase before entry into S-like phase.

(C) Immunostaining of in vitroWT and CcnoKOMCC progenitors at DIV5 for FOP, FOXJ1, and p27. Centrioles of the centrosome are FOP positive. The A stage of

centriole amplification is identified by the formation of a FOP+ cloud. Cells with a FOP+ cloud are not observed in CcnoKO. Scale bars, 5 mm.

(D) Quantification of the percentage of p27 negative cells in FOXJ1+WT centrosome-stage cells, FOXJ1+WTA-stage cells, and FOXJ1+CcnoKO cells. Images from

cultured cells of four control mice and fourCcnoKOmicewere quantified.p values are derived from two-sided chi-squared test (two-proportionZ test), ****p< 0.0001.

(E) Same as in (C) with the immunostaining of pRB (Ser807/Ser811) along with FOP and FOXJ1. Scale bars, 5 mm.

(F) Same as in (D) with the quantification of pRB+ cells. Images from cultured cells of four control mice and fourCcnoKOmice were quantified. p values are derived

from two-sided chi-squared test (two-proportion Z test), ****p < 0.0001.
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A

B C D

E F G

H

Figure 5. Absence of CCNO blocks centriole amplification at the onset of centriole biogenesis

(A) Expression levels (logcounts) of critical centriolar assembly proteins involved in centriole amplification (Deup1, Plk4, and Sass6) along MCC differentiation

pseudotime (left) and in primordial deuterosomal cells (right) in WT and CcnoKO scRNA-seq datasets. Boxes in left panels outline the primordial deuterosome cell

stage along the differentiation pseudotime.

(B) Immunostaining of whole-mount lateral ventricles of mice pups aged P2–P6 for DEUP1, PLK4, and SAS6. Scale bars, 10 mm for large-field images and 2.5 mm

for zoom-ins.

(C) Quantification of the number of DEUP1+ cells in microscope field in control andCcnoKO, showing thatCcnoKO havemore cells that express DEUP1 compared

to the control. Images from nine control mice and six CcnoKO mice were quantified, with six images per immunostained tissue. Control, 54 values; CcnoKO,

(legend continued on next page)
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Taken together, these results show that mouse brain cells

lacking CCNO cannot form the future basal bodies necessary

for multiple cilia formation because of a block in centriole ampli-

fication at the very early onset of centriole assembly, due to a

stop before SAS6 expression.

Human airway MCC phenotype in the absence of CCNO

is similar to that of mouse brain MCCs

CCNO was the first gene found to be mutated18 in a human con-

dition heterogeneously named ‘‘acilia syndrome,’’ ‘‘ciliary apla-

sia,’’ or ‘‘oligocilia phenotype,’’ and grouping human patients

with seemingly bald respiratory epithelia and presenting symp-

toms similar to those of PCD.31–44 Although patients with RGMC

present a higher rate of hydrocephalus compared to the general

population, the most debilitating phenotype remains chronic

airway infections. The cell-cycle variant identified in mouse brain

cells seems to be conserved in mouse and human respiratory

cells.11,12 To characterize the role of CCNO in human airway

epithelial cells and test whether it is more akin to mouse brain or

airways, we generated an hESCH9 linewith a 14-bp homozygous

deletion in the CCNO gene (hereafter referred to as CCNO�/�),

which produces a truncated protein product (Figures S6A–S6D).

Mutation of the CCNO gene did not appear to affect the pluripo-

tency or genetic stability of H9 cells (Figures S6E–S6H). WT and

CCNO�/� H9 cells were differentiated into airway epithelial cells

following a directed differentiation protocol that was adapted.45,46

No significant differences were observed in the ability of WT and

CCNO�/�H9cells to differentiate into lung progenitors and airway

basal cells (Figures S7A–S7C). We then immunostained WT and

CCNO�/� hESC-derived airway epithelial cells cultured under

air-liquid interface (ALI) conditions for MCC differentiation

(FOXJ1, RFX2, RFX3), procentriole (SAS6), and cilia (GT335)

markers (Figures 6A–6E and S7D). This reveals that, while WT

and CCNO�/� cells can both acquire MCC fate as shown by

FOXJ1, RFX2, and RFX3 positivity, only WT cells can produce

SAS6+ procentrioles and grow multiple cilia (Figures 6B–6F and

S7D), suggesting that, in the absence of CCNO, human airway

epithelial cells encounter a block in their differentiation at the early

onset of centriole biogenesis, as also found in the mouse brain.

To confirm this finding, we analyzed nasal brushing biopsies

from 15 different patients with mutations in the CCNO gene by

TEM (Tables S1 and S2). Previous studies on respiratory

MCCs from patients with CCNO mutations mainly reported cilia

scarcity and difficulties in finding basal bodies by electronmicro-

scopy.13,14,16,18 However, the absence of quantification has left

unclear whether the phenotype is severe, as in the Ccnomutant

mouse brain, or milder, as in its trachea. To identify differentiated

cells in patients, we focused our analysis on cells with microvilli,

a feature ofMCCdifferentiation.We found that while 94%of cells

(305/324) from patients from the control group present multiple

basal bodies, almost no patients with CCNO mutations have

cells in TEM sections (0.1%; 5/420) that show more than two

centrioles, suggesting that they fail to amplify centrioles and

form basal bodies. In line with this, in contrast to control patients’

cells, patients with CCNO mutations’ cells do not form multiple

cilia (Figures 6G, 6H, and S8A). The three CCNO mutated cells

presenting few basal bodies and cilia come from patient H

(Figures 6H and S8B), who carries the frameshift pathogenic

variation c.793dup p.(Val265Glyfs*106) on one allele, resulting

in a premature stop codon in the last exon. Transcripts from

this allele likely escape nonsense-mediated mRNA decay and

may underlie the production of a potentially hypomorphic protein

that retains the first cyclin domain. Interestingly, in a subset of

cells coming from the 15 patients with CCNO mutations, TEM

sections reveal centriolar attributes such as electron-dense ag-

gregates, which are centriolar satellites known to be involved

in centriole or cilia formation47–49 (Figures 6G [top zoom-ins],

6I, and S13A), and rootlets, which constitute the roots of mature

centrioles (Figures 6G [top zoom-ins], 6J, and S8A). This is

consistent with scRNA-seq of mouse CcnoKO cells showing

that mRNA levels of Pcm1 (coding for the core component of

centriolar satellites) andCrocc1 (coding for the protein Rootletin,

core component of the rootlet) are not changed or are upregu-

lated, respectively, in deuterosomal primordial cells (Figure 3D).

This suggests that, as inmouse brain cells, theCCNOmutant hu-

man airway MCCs prepared for centriole amplification but were

interrupted in the process.

Altogether, these observations suggest that human respiratory

MCCs need CCNO to enter the cell-cycle variant and produce

centrioles as domouse brainMCCs, and that patients can present

mutations leading to the production of a hypomorphic protein that

can facilitate the biogenesis of few basal bodies or cilia.

36 values. p values are derived from two-tailed Mann-Whitney U test, ****p < 0.0001. The distribution is represented with violin plots, the dashed horizontal line

showing the median value and the dotted horizontal lines showing the interquartile range.

(D) Quantification of the number of deuterosomes per cell (left) and size of deuterosomes (right) between control and CcnoKO. Deuterosomes from three control

mice and three CcnoKO mice were counted and measured, randomly chosen from the previously quantified dataset for DEUP1+ cells. Number of deuterosomes:

control, 30 values;CcnoKO, 52 values. Size of deuterosomes: control, 144 values;CcnoKO, 128 values. p values are derived from two-tailedMann-Whitney U test,

****p < 0.0001. Data are presented as in (C).

(E) Quantification of the number of PLK4+ cells per microscope field in control and CcnoKO. Images from six control mice and four CcnoKO mice were quantified,

with six images per immunostained tissue. Control, 36 values;CcnoKO, 24 values. p values derived from two-tailed Mann-Whitney U test; ns, not significant. Data

are presented as in (C).

(F) Quantification of the number of SAS6+ cells per microscope field in control and CcnoKO. Images from nine control mice and six CcnoKO mice that were

previously used for either PLK4 or DEUP1 quantification were quantified, with six images per immunostained tissue. Control, 90 values; CcnoKO, 60 values.

p values are derived from two-tailed Mann-Whitney U test, ****p < 0.0001. Data are presented as in (C).

(G) Quantification of the proportion of DEUP1+ cells and PLK4+ cells that can express SAS6 in both control and CcnoKO. One point represents an animal,

quantified from the same images used to quantify DEUP1+, PLK4+, and SAS6+ cells. Columns represent the average quantification, and error bars represent SD.

(H) Serial electron microscopy ultra-thin sections of control and CcnoRA cells in vitro at DIV5. Control cells show deuterosomes decorated with either A- or

G-stage procentrioles. Deuterosomes are indicated by red arrows. Blue arrows indicate procentrioles in the control. Scale bars, 0.5 mm.

See also Figures S4 and S5.
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DISCUSSION

This study shows that CCNO controls the entry into the MCC

cell-cycle variant (described in a companion study by Serizay

et al.11) and the subsequent centriole amplification required for

multiple cilia formation (Figure 7). This work and the associated

study11 argue in favor of CCNO acting as a canonical cyclin,

involved in switch-like transitions of a cell-cycle variant rather

than an atypical cyclin. First, Ccno is one of the four cyclins ex-

pressed as successive waves along the MCC cycle variant, be-

tween Ccnd2 and Ccnb1/Ccna1, and its expression is tempo-

rally correlated with Ccne2 along the canonical cell cycle.

Consistently, the expression of Ccno covers the expression of

S-phase and G2/M-transition regulators. Second, CCNO deple-

tion leads to the lack of nearly all cells annotated for post-G0/G1

cell-cycle-like phases or positivity for hallmarks of cell-cycle en-

try and progression (e.g., RB phosphorylation and p27 degrada-

tion). Finally, we show that Ccno is also expressed as a compa-

rable wave, associated with the silencing of Ccne and the

subsequent expression of Ccnb1 and Ccna1, during male

meiosis.11 Ccno is also expressed during female oogenesis,

where it is involved in meiotic progression.50 Altogether, these

observations strongly support the role of CCNO as a canonical

cyclin involved in the entry and progression of non-traditional

cell-cycle variants, characterized by the production of centrioles

uncoupled from DNA replication.

The earliest steps of centriole biogenesis during the canonical

cell cycle occur at the G1/S transition, concomitant with DNA

replication.51 Yet how and with which temporality the transcrip-

tion of genes coding for centriole components are regulated is

obscure, probably because only two centrioles are produced

and transcripts are challenging to detect. During massive ampli-

fication of centrioles in MCCs and with single-cell transcriptomic

resolution, we uncover a transcriptional cascade of core

centriole regulators, where centriole scaffolding components

Deup1, Cep152, and Plk4 expression onsets slightly precede

early centriolar components such as Sass6 and Stil, which pre-

cede centriole maturation core regulators such as Poc5, Ninein,

and Cep164. The expression of some of the genes coding for

motile cilia components occurs later (Figures 2G, 2H, and

S2C). Interestingly, the block in differentiation characterized in

the CcnoKO mutant, which occurs before the entry into the

S-like phase, follows the onset of expression of centriole scaf-

folding components and precedes the activation of genes cod-

ing for core centriole constituents, from the earliest one, SAS6.

This leads to the production of deuterosomes decorated with

PLK4 but to the lack of procentrioles, basal bodies, and cilia.

Supporting the proximity in regulating meiosis and MCC differ-

entiation by CCNO, the block under CCNO depletion is associ-

ated with a block in microtubule-organizing center formation

during mouse female meiosis (spindle poles are acentriolar in fe-

male meiosis50). Altogether, our data show that the coupling of

centriole biogenesis to an S-like phase entry in the MCC cell-cy-

cle variant is maintained, as previously suggested by the involve-

ment of MYB in centriole amplification52,53—although DNA does

not replicate—and is dependent on CCNO.

In contrast to mouse brain and human airways, in mouse air-

ways and oviducts, CCNO depletion authorizes the formation

of around 30% of MCCs (Funk et al.19; Núnez-Ollé et al.20; this

study). Yet most of these cells display abnormal ciliation, which

suggests that they most likely compensate for the loss of CCNO

rather than belonging to a different population, differentiating

through a CCNO-independent pathway. Functional redundancy

and compensation for chronic depletion of cyclins or CDKs have

been known for a long time.54 Consistent with a possible rescue

by another cyclin, CCNO probably acts through canonical CDK

activation in MCCs, since it binds and activates CDK1 and

CDK2 when ectopically expressed in HEK293 cells55 and acts

through the binding with CDK1 or CDK2 during meiosis and

apoptosis, respectively.50,55 In addition, we fail to rescue

CCNO depletion by expressing a CDK-dead version of CCNO

in brain MCCs (Figures S9A and S9B). Interestingly, we observed

that while E-type cyclins are not expressed in both mouse brain

and human respiratory cells (in vitro and in vivo), Ccne1 is signif-

icantly re-expressed in deuterosomal cells in mouse respiratory

tract (in vitro data from Ruiz-Garcia et al.56 and Choksi et al.12;

Figure S9C). This difference suggests that CCNE1 could

compensate CCNO absence in respiratory tissues and partially

support multiciliation. In addition, this population of cells

escaping the most severe phenotype shows later defects,

revealing a role for CCNO during the late stages of centriole

amplification,19 consistent with the expression of CCNO during

the G stage of centriole biogenesis and G2/M-like stages of the

MCC cell-cycle variant. Since normal ciliation seems also

possible in mutant tissues, it suggests that even the later role

of CCNO in centriole maturation and subsequent ciliation can

Figure 6. Human airway phenotype in the absence of CCNO is similar to that of mouse brain MCCs

(A and B) (A) Immunostaining of hESCs control or expressing non-functional CCNO (CCNO�/�) and differentiated into human epithelial airway cells with GT335

and (B) quantification of multiciliated cells. Scale bars, 10 mm for large-field images and 5 mm for zoom-ins. p values are derived from two-sided chi-squared test

(two-proportion Z test), ****p < 0.0001.

(C and D) (C) Immunostaining of the same cells as previously with SAS6 and (D) quantification of SAS6+ cells. Scale bars, 10 mm for large-field images and 5 mm for

zoom-ins. p values are derived from two-sided chi-squared test (two-proportion Z test), ****p < 0.0001.

(E and F) (E) Immunostaining of the same cells as previously with FOXJ1 and RFX3 and (F) quantification of FOXJ1+ and RFX3+ cells. Scale bars, 10 mm. p values

are derived from two-sided chi-squared test (two-proportion Z test), ****p < 0.0001; ns, not significant.

(G) Airway epithelium of control and patients with CCNO mutations under TEM. Scale bars, 1 mm for large-field images and 0.5 mm for zoom-ins.

(H) Quantification of the number of cells with microvilli that have more than 2 basal bodies (MBB) and/or cilia in patients from the control group and patients with

CCNO mutations, with examples shown in the top zoom-in pictures of (G).

(I and J) Quantification of cells with microvilli in human control and patients with CCNO mutations showing the presence of centriolar aggregates (green ar-

rowheads) and cytoplasmic rootlets (red arrowheads) indicated in the bottom zoom-in pictures in (G). Columns represent the average quantification, and error

bars represent SD.

See also Figures S6–S8; Tables S1 and S2.
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be compensated. The analysis of the expression of canonical

and non-canonical cyclins, Cdks, APC/C inhibitors, E2fs, and

key differentiation factors Mcidas and Gmnc in different popula-

tions in mouse brain or human/mouse respiratory MCCs did not

reveal other striking differences that could explain this differen-

tial phenotype (Figure S9C).

Ccno is part of a locus containing two other genes involved in

multiciliation (Mcidas and Cdc20b57). Interestingly, their clus-

tering, order, and collinearity are conserved among tetrapods,

and the temporality of their expression along the pseudotime

of differentiation follows their order along the DNA strand,

with Mcidas and Ccno quasi-simultaneously expressed in brain

MCCs (Figure S2D). This conserved collinearity could play a

role in the successive activation of each gene through the

spreading of local chromatin remodeling. Using single-cell res-

olution transcriptomic measurements, we consistently show

that Ccno depletion leads to decreased Mcidas expression.

Nonetheless, it has been demonstrated in other studies that

Mcidas depletion also blocks Ccno expression.18,58,59 We

therefore propose a positive feedback loop between Mcidas

and Ccno whereby Mcidas activates Ccno expression, which

in turn activates Mcidas expression. Consistent with this hy-

pothesis, Mcidas depletion leads to a phenotype comparable

to that of Ccno mutant,58–60 overexpression of Mcidas in

Ccno-depleted cells rescues early amplification in a subset of

mouse brain cells (this study), and Mcidas depletion is not

compensated in mouse airways.59 Such a positive feedback

loop would be reminiscent of G1 cyclins, which increase their

transcription to increase cyclin-CDK activity, ensuring commit-

ment to the cell cycle and activation of the entire G1/S tran-

scriptional network.61

Altogether, our study identifies (1) CCNO as the core regulator

of entry into the MCC cell-cycle variant and (2) the interruption of

this new variant as one etiology of RGMC. Future work is now

needed to identify the CDK partner of CCNO.

Limitations of the study

In this paper we focus on the role of CCNO in the new MCC cell-

cycle variant in the mouse brain MCC model. We demonstrate

that human respiratory cells show the same phenotype as mouse

brain cells. While some mouse respiratory cells can compensate

for the loss of CCNO, we do not identify themolecular mechanism

of this compensation. Most importantly, future work is needed to

identify the CDK binding partner for CCNO and their specific sub-

strates. This would greatly enhance our understanding of the

mechanisms by which the canonical cell cycle is deviated to drive

a strict cytoplasmic centriole amplification process. Also, we pro-

vide evidence thatMCIDASandCCNOcould formapositive feed-

back loop, but the specificities of this regulation are not resolved.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be

directed to and will be provided by the lead contact, Alice Meunier (alice.

meunier@bio.ens.psl.eu).

Materials availability

This paper did not generate new unique reagents.

Data and code availability

d Raw and processed sequencing data have been deposited at the NCBI

Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/) under

the accession GEO: GSE201773 and are publicly available as of the

Figure 7. Cyclin O is necessary for multiciliated cells to enter their differentiation cell-cycle variant and allows the massive amplification of

centrioles, which serve as basal bodies for cilia nucleation

See also Figure S9.
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dateofpublication.ProcessedscRNA-seqdataarealsoavailable for inter-

active investigation using cellxgene (collection #33f48a52-31d8-4cc8-
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Götz, M., Lygerou, Z., and Taraviras, S. (2015). Mcidas and GemC1 Are

Key Regulators for the Generation of Multiciliated Ependymal Cells in

the Adult Neurogenic Niche. Development 142, 3661–3674. https://doi.

org/10.1242/dev.126342.

67. Schindelin, J., Rueden, C.T., Hiner, M.C., and Eliceiri, K.W. (2015). The Im-

ageJ Ecosystem: An Open Platform for Biomedical Image Analysis. Mol.

Reprod. Dev. 82, 518–529. https://doi.org/10.1002/mrd.22489.

68. Gentleman, R.C., Carey, V.J., Bates, D.M., Bolstad, B., Dettling, M., Du-

doit, S., Ellis, B., Gautier, L., Ge, Y., Gentry, J., et al. (2004). Open Software

Development for Computational Biology and Bioinformatics. Genome

Biol. 5, R80. https://doi.org/10.1186/gb-2004-5-10-r80.

69. Zheng, G.X.Y., Terry, J.M., Belgrader, P., Ryvkin, P., Bent, Z.W., Wilson,

R., Ziraldo, S.B., Wheeler, T.D., McDermott, G.P., Zhu, J., et al. (2017).

Massively Parallel Digital Transcriptional Profiling of Single Cells. Nat.

Commun. 8, 14049. https://doi.org/10.1038/ncomms14049.

70. Lun, A.T.L., Riesenfeld, S., Andrews, T., Dao, T.P., Gomes, T., and partic-

ipants in the 1st Human Cell Atlas Jamboree; and Marioni, J.C. (2019).

EmptyDrops: Distinguishing Cells from Empty Droplets in Droplet-Based

Single-Cell RNA Sequencing Data. Genome Biol. 20, 63. https://doi.org/

10.1186/s13059-019-1662-y.

71. Haghverdi, L., Lun, A.T.L., Morgan, M.D., and Marioni, J.C. (2018). Batch

Effects in Single-Cell RNA-Sequencing Data Are Corrected by Matching

Mutual Nearest Neighbors. Nat. Biotechnol. 36, 421–427. https://doi.

org/10.1038/nbt.4091.

72. Lun, A.T.L., McCarthy, D.J., and Marioni, J.C. (2016). A Step-by-Step

Workflow for Low-Level Analysis of Single-Cell RNA-Seq Data with Bio-

conductor. F1000Res. 5, 2122. https://doi.org/10.12688/f1000research.

9501.2.

73. McCarthy, D.J., Campbell, K.R., Lun, A.T.L., andWills, Q.F. (2017). Pre-Pro-

cessing, Quality Control, Normalization and Visualization of Single-Cell

Please cite this article in press as: Khoury Damaa et al., Cyclin O controls entry into the cell-cycle variant required for multiciliated cell differentiation,

Cell Reports (2024), https://doi.org/10.1016/j.celrep.2024.115117

16 Cell Reports --, 115117, --, 2024

Article
ll

OPEN ACCESS



RNA-Seq Data in R. Bioinformatics 33, 1179–1186. https://doi.org/10.1093/

bioinformatics/btw777.

74. Aran, D., Looney, A.P., Liu, L., Wu, E., Fong, V., Hsu, A., Chak, S., Naika-

wadi, R.P., Wolters, P.J., Abate, A.R., et al. (2019). Reference-Based Anal-

ysis of Lung Single-Cell Sequencing Reveals a Transitional Profibrotic

Macrophage. Nat. Immunol. 20, 163–172. https://doi.org/10.1038/

s41590-018-0276-y.

75. Street, K., Risso, D., Fletcher, R.B., Das, D., Ngai, J., Yosef, N., Purdom,

E., and Dudoit, S. (2018). Slingshot: Cell Lineage and Pseudotime Infer-

ence for Single-Cell Transcriptomics. BMC Genom. 19, 477. https://doi.

org/10.1186/s12864-018-4772-0.

76. Kolberg, L., Raudvere, U., Kuzmin, I., Vilo, J., and Peterson, H. (2020).

Gprofiler2 – an R Package for Gene List Functional Enrichment Analysis

and Namespace Conversion Toolset g:Profiler. F1000Res. 9, ELIXIR-

709. https://doi.org/10.12688/f1000research.24956.2.

77. Hao, Y., Stuart, T., Kowalski, M.H., Choudhary, S., Hoffman, P., Hartman,

A., Srivastava, A., Molla, G., Madad, S., Fernandez-Granda, C., and Satija,

R. (2024). Dictionary Learning for Integrative, Multimodal and Scalable

Single-Cell Analysis. Nat. Biotechnol. 42, 293–304. https://doi.org/10.

1038/s41587-023-01767-y.
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collection # 33f48a52-31d8-4cc8-

bd00-1e89c659a87f
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HEK293T ATCC CRL-3216

Experimental models: Organisms/strains
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Sebastian J. Arnold19

N/A
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Gabriel Gil-Gόmez20
N/A
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This paper N/A
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This paper N/A
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This paper N/A

Insertion of HA tag at C terminus SacI-Ha-
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AGATTACGCTtaaT

This paper N/A

Insertion of HA tag at C terminus SacI-Ha-XbaI

Oligo 2 CTAGAttaAGCGTAATCTGGAACAT

CGTATGGGTAtttcgagct

This paper N/A

Primers for RT-qPCR of CCNO forward sequence
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AAGGGACTTCCTGTAACAATGCA

This paper N/A

Recombinant DNA

pCAG-H2B-GFP Plasmid Gift from the laboratory of

Xavier Morin65
N/A

pCAGGS-Mcidas Plasmid Gift from the laboratory of

Stavros Taraviras66
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pHF1-Cas9-sgRNA Gift from the laboratory of

Norris Ray Dunn

N/A
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Stavros Taraviras66
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Gabriel Gil-Gómez
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pWPI-mCCNO K190A Plasmid Gift from the laboratory of

Gabriel Gil-Gómez

N/A
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Gabriel Gil-Gómez

N/A

Software and algorithms

ImageJ Schindelin et al.67 https://ImageJ.nih.gov/ij/

download.html;

RRID: SCR_003070

GraphPad Prism 10 GraphPad Prism for Windows,

GraphPad Software, La Jolla

California USA

https://www.graphpad.com/;

RRID: SCR_002798

R v4.4.1 R-project https://www.r-project.org/

Bioconductor v3.19 Gentleman et al.68 https://www.bioconductor.org/

10x Genomics Cell Ranger v5.0.1 Zheng et al.69 https://www.10xgenomics.com/

support/software/cell-ranger/latest

DropletUtils 1.24.0 Lun et al.70 https://www.bioconductor.org/

batchelor 1.20.0 Haghverdi et al.71 https://www.bioconductor.org/

scran 1.32.0 Lun et al.72 https://www.bioconductor.org/

scater 1.32.0 McCarthy et al.73 https://www.bioconductor.org/

scuttle 1.14.0 McCarthy et al.73 https://www.bioconductor.org/
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Transgenic mice

All animal studies were performed in accordance with the guidelines of the European Community and French Ministry of Agriculture

and were approved by the ‘‘Direction départementale de la protection des populations de Paris’’ (Approval number Ce5/2012/107;

APAFiS #9343). Most of the mouse strains have already been described: CcnoRA are from Sebastian J. Arnold’s laboratory19 and

CcnoKO are from Gabriel Gil-Gómez’s laboratory.20 Wild-type are either RjOrl:SWISS (Janvier labs), or the WT and/or HT pups

from the same litters as the different Ccno mutants.

Human embryonic stem cell (hESC) culture

All experiments with the human embryonic stem cell line H9 were approved by the institutional biosafety committee (approval num-

ber: HSE-IBC+GMAC-SR-10).

Human patients

Patients A to I

In accordance with the Declaration of Helsinki and French législation, the patients or their legal representatives provided a written

informed consent. A standardized form was used to collect clinical features to ensure consistency and accuracy in data collection.

Patients’ information can be found in Tables S1 and S2.

Patients J to T

We obtained signed and informed consent from the patients according to protocols approved by the ethic committee of the Univer-

sity of Muenster and Freiburg. The patients OP-1246 II1, OP-642 II1, OP-151 II1, OP-971 II1, OP-1367 II1, OP-1777 I5, OP-1777 II1,

OP-1777 II2, OI-66 II1 and OI-104 II1 had been reported recently.13,58 In patient OP-1977 II1 we identified the gene variant CCNO

c.258_262dup p.(Gln88Argfs*8). Patients’ information can be found in Table S2.

METHOD DETAILS

Primary brain ependymal cell cultures and transfections

The ependymal culture has been previously described.83 Briefly, newborn mice (P0-P2) were sacrificed by decapitation. The brains

were dissected in Hank’s solution (10%HBSS, 5%HEPES, 5% sodium bicarbonate, 1% Penicillin/Streptomycin (P/S) in pure water)

and the telencephalon were cut manually into pieces, followed by enzymatic digestion (DMEM glutamax, 33% papain (Worthington

3126), 17% DNAse at 10 mg/mL, 42% cystein at 12 mg/mL) for 45 min at 37�C in a humidified 5% CO2 incubator. Digestion was

stopped by addition of a solution of trypsin inhibitors (Leibovitz Medium L15, 10% ovomucoid at 1 mg/mL, 2% DNAse at 10 mg/

mL). The cells were then washed in L15 and resuspended in DMEM glutamax supplemented with 10% fetal bovine serum (FBS)

and 1% P/S in a Poly-L-lysine (PLL)-coated flask. Ependymal progenitors proliferated for 4–5 days until confluence before shaking

(250rpm) overnight. Pure confluent astroglial monolayers were replated at a density of 7,53103 cells/mL (corresponding to days

in vitro ‘‘DIV’’ �1) in DMEM glutamax, 10% FBS, 1% P/S on PLL coated coverslides for immunofluorescence experiments and

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

igraph 2.0.3 Csardi et al. 2006 https://cran.r-project.org/web/

packages/igraph/index.html

SingleR 2.6.0 Aran et al.74 https://www.bioconductor.org/

slingshot 2.12.0 Street et al.75 https://www.bioconductor.org/

gprofiler2 0.2.3 Kolberg et al.76 https://cran.r-project.org/web/

packages/gprofiler2/index.html

Seurat 5.1.0 Hao et al.77 https://cran.r-project.org/web/

packages/Seurat/index.html

tradeSeq 1.18.0 Van den Berg et al.78 https://www.bioconductor.org/

scvelo 0.2.5 Bergen et al.79 https://scvelo.readthedocs.io/

en/stable/

ggplot2 3.5.1 Whickam80 https://cran.r-project.org/web/

packages/ggplot2/index.html

tidyverse 2.0.0 Whickam et al.81 https://cran.r-project.org/web/

packages/tidyverse/index.html

Inference of CRISPR Edits Conant et al.82 N/A
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maintained overnight. The medium was then replaced by serum-free DMEM glutamax 1% P/S, to trigger ependymal differentiation

in vitro (DIV 0). Transfections were performed in suspension at DIV -1 using the Jetprime (Polyplus) system, plasmids are listed in the

key resources table.

Validation of CCNO CDK-dead expressing plasmids pWPI-mCCNO R135A and pWPI-mCCNO K190A

Since CCNOwas shown to bind and activate CDK1 and CDK2 when expressed in HEK293,55wemutated residues K190 and R135A

(corresponding to K266 and R211 of the human Cyclin A2 sequence, respectively), which are highly conserved residues character-

istic of the cyclin fold, the protein domain that allows its interaction with the corresponding CDKs.84 HEK293 cells were transiently

transfected with vectors expressing myc-tagged WT or mutant CCNO. Immunoprecipitation and Histone H1 kinase assays were

done as detailed for CCNOWT in Roig et al.55 Briefly, 48h after transfection, cell extracts were prepared and the transfected proteins

immunoprecipitated using anti-myc tag antibodies (9E10, Roig et al.55). The immunoprecipitates were incubated with purified His-

tone H1 and 32P-ATP, the proteins resolved by SDS-PAGE and phosphoproteins detected by autoradiography, showing a lack of

activity of the immunoprecipitates formed with CCNO mutated on residues R135A or K190A compared to immunoprecipitates

formed with WT CCNO (Figure S9B). To control for expression of the transfected proteins, 1/20th of each lysate was immunoblotted

against the 9E10 antibody. A non-specific band recognized by the antibody is shown as a lysate loading control.

Immunostainings

Brain lateral ventricles and tracheal samples were permeabilized in PBS 1X with 0.1% and 0.5% Triton X-100 solutions, respectively,

for 1min at RT, then fixed inmethanol at�20�C for 7min. Cell cultures were fixed inmethanol at�20�C for 10min or PFA 4%at RT for

10min. Tissues and cells were pre-blocked in PBS 1Xwith 0.2%Triton X-100 and 10%FBS (blocking solution) before incubation with

primary then secondary antibodies. All these were incubated overnight at 4�C or for 1h at RT in the primary antibodies diluted in

blocking solution. The primary antibodies (see key resources table) used are mouse IgG1 anti Polyglutamylation modification

(GT335, 1:1000), mouse IgG1 anti active-beta-catenin (1:500), rabbit anti-CCNO (1:20), mouse IgG2b anti FOP (1:1000), mouse

IgG1 anti FoxJ1 (1:700), rabbit anti p27Kip1 (1:200), rabbit anti phospho Rb (1:1000), rabbit anti Deup1 (1:5000), mouse IgG2b

anti SAS6 (1:700), rabbit anti Plk4 (1:1000). Nuclei were counterstained with a 1:1500 Hoechst solution (from a 20mg/mL stock), con-

taining the secondary antibodies for 1h at RT. The secondary antibodies are species-specific Alexa Fluor secondary antibodies

(1:400). Finally, the wholemounts were redissected to keep only the thin lateral walls of the LV83 which were mounted with

Fluoromount-G mounting medium (Southern Biotech, 0100-01). Cell cultures on coverslips were mounted on glass slides with

Fluoromount-G. Fluoromount-mounted slides were stored at 4�C.

Microscopy

Epifluorescence microscopy

Fixed cells were examined with an upright epifluorescence microscope (Zeiss Axio Observer.Z1) equipped with an Apochromat363

(NA 1.4) oil-immersion objective and a Zeiss Apotome with an H/D grid. Images were acquired using Zen with 500-nm z-steps. When

better resolution was needed, confocal image stacks were collected with a 63 x/1.4 Oil objective on an inverted LSM 880 Airyscan

Zeiss microscope with 440, 515, 560 and 633 laser lines with 180 or 250-nm z-steps and Zen2 software with Airyscan mode z stack

projections are shown for all epifluorescence microscopy images.

Transmission electron microscopy

Cultured cells were fixed in 2.5% glutaraldehyde and 4% PFA, treated with 1% OsO4, washed and progressively dehydrated. The

samples were then incubated in 1% uranyl acetate in 70% methanol, before final dehydration, pre-impregnation with ethanol/epon

(2/1, 1/1, 1/2) and impregnation with epon resin. After mounting in epon blocks for 48 h at 60�C to ensure polymerization, ultra-thin

sections (70 nm) were cut on an ultramicrotome (Ultracut E, Leica) and analyzed using a Philips Technai 12 transmission electron

microscope.

Single-cell RNA-seq of in vitro differentiating multiciliated cells

Single-cell RNA-seq of in vitroWTdifferentiatingmulticiliated cells was described previously.11 ForCcnoKO, newbornmice (P0-P2)

were sacrificed and cultured in themean time as their WT littermates (the C57Bl6NWT replicate used in Serizay et al., 202411). After

2 days of in vitro differentiation, flasks were rinsed with PBS 1X twice and treated by enzymatic cell dissociation (Trypsin, 1mL) for

10 min and trituration to obtain a single cell suspension. Digestion was stopped by addition of 1 mL of fetal bovine serum (FBS).

The cells were then washed in serum-free DMEM glutamax 1% P/S and resuspended in HBSS-0.1% BSA for single-cell RNA-

seq library preparation. Cell cultures from three different animals with the same genetic background and treatment were pooled

together; to multiplex them, samples were labeled using a cell surface protein labeling strategy following manufacturer’s

instructions (https://asets.ctfasets.net/an68im79xiti/5KA1NbZdTOam8A0yq6KyC2/f3e0479ff7b1c1633e6ddf8959a88a3bCG000149_

DemonstratedProtocol_CellSurfaceProteinLabeling_Rev_A.pdf), using TotalSeq hashtag antibodies (BioLegend). However, the effi-

ciency of the cell hashing did not allow to unambiguously separate cells coming from different animals and was therefore not

directly used in downstream analysis. Cell suspensions were passed through a 40 mm Flowmi cell strainer (BelArt) and cell concen-

trations were carefully evaluated with a Countess FL automated cell counter (Thermofisher). For single cell RNA-seq, cells were

partitioned with a Chromium equipment (10X Genomics) and libraries were prepared using the standard Single Cell 30 v3.1 protocol
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(10X Genomics). Sequencing was performed on an Illumina NextSeq 500 sequencingmachine followingmanufacturer’s instructions,

on a high Flowcell, using the following sequencing cycles: 28b for read 1, 55b for read 2, 8b for index.

Computational analysis of single-cell RNA-seq data

Pre-processing of scRNA-seq of in vitro differentiating multiciliated CcnoKO cells

Pre-processing of scRNA-seq of in vitro differentiating multiciliatedCcnoKO cells was done as described for WT cells in Serizay et al.,

2024.11Briefly, Fastq file demultiplexing, barcode processing, gene counting, and aggregation weremade using theCell Ranger soft-

ware following 10X Genomics guidelines. 10X Genomics mm10 genome reference and gene annotations compiled in 2020 were

used (https://support.10xgenomics.com/single-cell-gene-expression/software/release-notes/build#mm10_2020A). Empty cells

(detected by emtpyDrops from DropletUtils) were filtered out and only protein-coding genes were retained.

Annotation transfer and UMAP projection between WT and CcnoKO scRNA-seq datasets

scmap package85was used to transfer cluster annotations fromWT toCcnoKO cells. For visualization, projection of the CcnoKO cells

onto the WT UMAP embedding11 was performed using Seurat86 (Figure S3A).

Merging WT or CcnoKO scRNA-seq datasets

Genotype correction andmerging of WT11 andCcnoKO single-cell RNA-seq datasets was performed using fast MNN correction from

batchelor package,71 using genes found enriched (fold-change >2, adjusted p-value% 0.05) in any of the annotated/transferred clus-

ters with scran package.72

Cell cycle phase annotation of merged WT or CcnoKO cells

Putative cell cycle phases were transferred from a recent scRNA-seq dataset of proliferating neural stem cells with annotated cell

cycle phases22 using SingleR.74 G0, G1 and Late G1 labels were collapsed to a single ‘‘G0/G1’’ label.

Trajectory analysis of merged WT or CcnoKO cells

Trajectory and pseudotime inferences were performed using the sharedMNN-corrected PCA embedding of mergedWT andCcnoKO

cells (Figure S3B) with slingshot,75 specifying start (proliferating progenitors) and end clusters (terminally differentiated MCCs) to

orientate the trajectory. Computed pseudotime was scaled between 0 and 1 for clarity. Continuous gene expression along the sling-

shot-inferred trajectory was modeled using a generalized additive model.

Characterization of primordial deuterosomal cells in WT or CcnoKO scRNA-seq datasets

The pseudotime value containing 95% of all CcnoKO cells was determined, and subsequently used to split the original ‘‘Early Deu-

terosomal Cells’’ cluster (Figure S3A) into ‘‘Primordial deuterosomal’’ and ‘‘Early deuterosomal’’ cells (Figures 3A and S3C).

CcnoKO vs. WT differential gene expression analysis was performed specifically on cells from the ‘‘Primordial deuterosomal’’

cluster. To control for technical variations between individuals and/or replicates, we first phased each cell in each dataset (3 in-

dividuals pooled for each of the 2 WT replicates,11 and 3 individuals pooled in the CcnoKO dataset) using scSplit.87 I then used the

phasing and the replicate annotations to group WT (CcnoKO) primordial deuterosomal into 6 (3) meta-cells using the ‘ aggregateA-

crossCells ‘ function from the scuttle package. Each meta-cell thus contains cells from a separate individual, with a specific ge-

netic background. I then performed a differential expression analysis on these pseudo-bulk meta-cells using DESeq2,88 treating

the replicate and genetic background as confounding variables. Genes differentially expressed between CcnoKO and WT primor-

dial deuterosomal cells (absolute fold-change >2, adjusted p-value % 0.1) were finally recovered. GSEA was performed with

clusterProfiler.89

Generation of human epithelial airway cells from human embryonic stem cell (hESC)

Human embryonic stem cell (hESC) culture

H9 hESCs were routinely cultured on vitronectin-coated tissue culture dishes in Essential 8 (E8) medium (Life Technologies) in an

incubator with 5% CO2, at 37�C.

Construction of CRISPR sgRNA vectors and donor template

Three CRISPR sgRNAs, targeting exons 1 and 2, of the human CCNO gene were designed using CHOPCHOP (https://chopchop.

cbu.uib.no/) and cloned into the pHF1-Cas9 plasmid. The sgRNA sequences are provided in the key resources table.

Nucleofection

H9 cells were dissociated into single cells with Accutase (Stem Cell Technologies). Two million cells were mixed with 10 mg pHF1-

Cas9-sgRNA and nucleofected using the Lonza Amaxa 4D Nucleofector (Lonza). E8 medium supplemented with 5.25 mg/mL Blas-

ticidin was applied to the cells 24 h post-nucleofection. Cells were fed E8media every day until colonies were large enough for picking

and genotyping.

Genotyping

To extract genomic DNA, picked colonies were incubated for 55oC for 1 h followed by a 5 min incubation at 95oC in a 20 mL reaction

containing 1X detergent (0.05% IGEPALCA630, 0.05%Tween 20), proteinase K and 1X TE buffer. 1 mL of genomic DNAwas used in a

PCR reaction containing 1X Primestar MaxMastermix (Takara) and genotyping primers. The thermal cycling conditions used were as

follows: 10 s at 98�C, followed by 35 cycles of 10 s at 98�C, 5 s at 55�C and 1 min at 72�C. The PCR products were then sent to Bio

Basic Asia Pacific Pte Ltd for sequencing. Genotyping primer sequences are listed in the key resources table.
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Clonal expansion

H9 clones with frameshift mutations were dissociated into single cells using Accutase and seeded onto vitronectin-coated plates in

E8 medium supplemented with CloneR (Stem Cell Technologies). Cells were fed with fresh E8 medium daily until colonies grew large

enough for picking and genotyping. Clones with homozygous frameshift mutations were expanded and frozen stocks were made

using Cryostor (Stem Cell Technologies).

Construction of wild-type (WT) and mutant CCNO expression vectors

WT and mutant CCNO cDNA (c.431_444del) were cloned into the pCS2+ expression vector. FLAG tags were added to the N termini

and HA tags were added to the C termini of both WT and mutant sequences. Primer sequences are provided in the key resources

table.

Transfection of HEK293T cells

500,000 HEK293T cells were seeded onto wells of a 6-well plate in MEF media and allowed to attach overnight in an incubator at

37oC. The following day, cells were transfected with 1 mg pCS2+CCNO WT, pCS2+CCNO c.431_444del or pCS2+eGFP using Lip-

ofectamine 2000 (Life technologies). Cells were harvested for Western blotting or immunofluorescence 48 h-post transfection.

Trilineage differentiation

H9 cells were dissociated into small clumps using Accutase (Stem Cell Technologies) and collected in a falcon tube. Cells were

collected into a pellet by centrifugation at 1200 rpm for 5 min. The cell pellet was resuspended in MEF medium (15% FBS, 1% Glu-

tamax in DMEM F12 Advanced), and the resulting cell suspension transferred into low adhesion tissue culture dishes to form

embryoid bodies. The medium was changed every other day for 7 days. The embryoid bodies formed were collected and plated

onto 0.1% gelatin-coated tissue culture dishes. Cellular outgrowths were fed every other day with fresh MEF medium for a further

7 days before they were fixed with 4% paraformaldehyde for analysis by immunofluorescence.

Karyotype analysis

H9 CCNO subclones, 52-3 and 20-1 cultured to 70–80% confluency, were sent to the KK Women’s and Children’s Hospital

(Singapore) Cytogenetics department for karyotype analyses.

Immunofluorescence

Cells were washedwith DPBS and then fixed in 4%PFA for 20min at RT. PFAwas removed and cells were washedwith DPBS before

theywere blocked and permeabilized in blocking buffer (10%donkey serum, 0.1%Triton X-100 in DPBS) for 1h at RT. Cells were then

incubated with primary antibodies diluted in staining buffer (1% donkey serum, 0.1% Triton X-100 in DPBS) overnight at 4�C. Excess

primary antibodies were removed and the cells were washed 3 times with DPBS before incubation with fluorescence-conjugated

secondary antibodies diluted in staining buffer for 1 h in the dark at RT. Cells were washed 3 times with DPBS to remove excess

and unbound antibodies. NucBlue Fixed Cell ReadyProbes Reagent (DAPI, ThermoFisher Scientific) diluted in DPBS at 1 drop/ml

was then added to each well. Cells were imaged using the Leica FV-3000. ImageJ was used for image processing and analysis. Pri-

mary antibodies (see key resources table) used are rabbit anti-CCNO (Atlas, 1:500); rabbit anti-HA (1:1000); goat anti-Nanog (1:100);

mouse anti-AFP (1:1000); mouse anti-SMA (1:1000); mouse anti-TUJ1 (1:1000). Secondary antibodies are species-specific Alexa

Fluor secondary antibodies (1:1000; see key resources table).

RNA extraction, cDNA synthesis and quantitative real-time PCR (qPCR)

QiagenRNeasy kit was used to extract total RNA fromcells. 500 ng of purified RNAwas converted into cDNAusing theHigh-Capacity

cDNA Reverse Transcription Kit (Applied Biosystems). QPCR was performed using the QuantStudio 7 Flex Real-Time PCR System

with samples run in duplicates and normalized to housekeeping gene ACTB. Primer sequences are listed in the key resources table.

Adult lung mRNA used as a positive control for QPCR experiments was obtained from Biochain (Total RNA – Human Adult Normal

Tissue: Lung lower left lobe; Cat #R1234152-50; Lot #B6050780).

Protein extraction and western blot

Whole cell lysates were prepared by lysing cells in Pierce RIPA buffer (ThermoFisher Scientific) supplemented with complete prote-

ase inhibitor cocktail (Calbiochem). 10 mg protein was resolved on a 7.5%SDSPAGE gel and then transferred onto PVDFmembranes

via semi-dry transfer method (Bio-rad). Membranes were blocked in 5% skimmilk in Tris-buffered saline (TBST: 0.05M Tris, 0.138M

NaCl, 0.0027 M KCl, pH 8.0) with 0.1% Tween 20 (Sigma-Aldrich) for 1h at RT. Membranes were then incubated with primary anti-

bodies at 4�C overnight. Membranes were then washed 3 times in TBST and then incubated with HRP-linked secondary antibodies

for 1h at RT. Membranes were washed 3 times with TBST before proteins were visualized using the SuperSignal West Femto

Maximum Sensitivity Substrate (ThermoFisher Scientific) on the Chemidoc (Bio-rad). Primary antibodies (see key resources table)

used are rabbit anti-CCNO (Atlas, 1:500); rabbit anti-HA (1:1000); mouse anti-b-tubulin (1:1000).

Differentiation of hESCs into lung progenitors

H9 cells were dissociated into single cells with Accutase for 5min at 37�C. 400,000 cells were seeded into eachwell of a 12-well plate

and left in the incubator to attach overnight. Cells were fed fresh E8 media the next day (Day �1, D-1). At D0, H9 cells were differ-

entiated into definitive endoderm (DE) cells using a protocol previously published by Vallier et al.90 Briefly, on D0, cells were treated

100 ng/mL Activin A, 80 ng/mL FGF2, 10 mM LY294002, 3 mMCHIR99021, 10 ng/mL BMP4 in CDM-PVA medium. On D1, cells were

treated with 100 ng/mL Activin A, 80 ng/mL FGF2, 10 mM LY294002 and 10 ng/mL BMP4 in CDM-PVA medium. On D2, cells were

treated with 100 ng/mL Activin A, 80 ng/mL FGF2, 1X B27, 1X NEAA in RPMI medium. To differentiate the DE cells into anterior

foregut and subsequently lung progenitors, the protocol published by McCauley et al.91 was used. To drive DE cells toward anterior

foregut formation, cells were treated with 10 mM SB431542 and 2 mM Dorsomorphin (DSM) in basal medium (1X B27, 1X N2,
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1X Glutamax, 1 mM HEPES in DMEM F12 Advanced) for 3 days. To differentiate AFE cells into lung progenitors, cells were treated

with 3 mM CHIR, 10 ng/mL BMP4, 10 ng/mL FGF7, 10 ng/mL FGF10 and 50 nM RA in basal medium for 9 days.

Fluorescence-activated cell sorting (FACS)

For sorting at Day 15, differentiated H9 cells were washed oncewith DPBS and then dissociated into single cells with TryPLE express.

TrypLE express was diluted out with DMEM Advanced F12 and removed by centrifugation at 1200 rpm for 5 min. The cell pellet was

resuspended in FACS buffer supplemented with 2% penicillin/streptomycin and 10 mM Y-27632. The cell suspension was passed

through a 40 mm cell strainer to remove cell clumps before cells were counted using the Scepter Cell Counter (Merck Millipore).

Cell concentration was adjusted to 1million cells/100 mL FACS buffer. 0.5 mL isotype control or 0.5 mL Human ALCAM/CD166 Phyco-

erythrin (PE)-conjugated antibody (Clone 105902) (R&D Systems) was added per 100 mL. Cells were stained for 30 min in the dark at

4�C. Excess antibodies were diluted out and removed by adding FACS buffer followed by centrifugation at 1200 rpm for 5 min. Cell

pellets were resuspended in 500 mL FACS buffer. Samples were FACS sortedwith the unstained and isotype-stained H9-derived lung

progenitors as a negative control for the gating parameters.

For sorting at Day 25–30 to collect airway basal cells, lung organoids embedded in Matrigel were washed with DPBS once. Orga-

noids were then incubated with TrypLE express for 30 min at 37�C. DMEM F12 advanced was used to dilute out TrypLE express and

then cells were collected into a pellet by centrifugation at 1200 rpm for 5 min. The cells were resuspended in FACS buffer supple-

mented with 2% penicillin/streptomycin and 10 mMY-27632, passed through a 40 mm cell strainer. Cells were counted and cell con-

centration was adjusted to 1 million cells/100 mL FACS buffer. 0.5 mL of each isotype control or 0.5 mL Human NGFR (APC)-conju-

gated antibody and 0.5 mL EpCAM (PE)-conjugated antibody were added per 100 mL. Cells were stained for 30min in the dark at 4�C.

Excess antibodies were diluted out and removed by adding FACS buffer followed by centrifugation at 1200 rpm for 5 min.

Cell pellets were resuspended in 500 mL FACS buffer prior to FACS sorting. Unstained and isotype-stained H9-derived lung cells

were used as negative controls for the gating parameters.

Proximal lung organoid culture

To obtain proximal lung organoids, a protocol published by Hawkins et al., 2021 was used. Briefly, Day 15-sorted CD166+ cells were

resuspended in basal medium containing 250 ng/mL FGF2, 100 ng/mL FGF10, 50 nM Dexamethasone (Sigma-Aldrich), 0.1 mM

8-Bromoadenosine 30,50-cyclic monophosphate sodium salt (cAMP, Sigma-Aldrich) and 0.1 mM 3-Isobutyl-1-methylxanthine

(IBMX) (Sigma-Aldrich). Undiluted growth factor-reduced Matrigel (Corning) was added to the cell suspension at a 1:1 ratio after

which 40 mL of this cell suspension was added to the middle of each 24-well plate to create a Matrigel drop. The plates were

then returned to the incubator to allow the Matrigel drops to solidify for at least 30 min before medium is overlaid over the

drops. Y-27632 was included in the medium for the first 24 h to improve cell survival. Medium was refreshed every other day

for �2 weeks before proximal lung organoids were harvested for cell sorting.

Terminal differentiation of ESC-derived basal cells

150,000 cells were seeded onto 6.5 mm Matrigel-coated Transwell inserts. When cells reached 100% confluence, media was

removed from both chambers and PneumaCULT ALI medium (Stem Cell Technologies) was added only to the bottom chamber. Me-

dium was refreshed every other day for 2 weeks before cells were harvested for mRNA or fixed in 4% PFA or methanol for

immunostaining.

Western blotting to detect endogenous CCNO from ALI cultured hESCs

6 transwells of wild type or CCNO mutant cells, respectively, were lysed with 300 mL RIPA buffer (Thermo Fisher Scientific). The cell

lysates were sonicated for 10 s and spun down for 15 min at 12000 g. 200 mL cell lysate was boiled with 200 mL SDS loading buffer.

Subsequently, the cell lysates were separated on SDS-PAGE gels, transferred to PVDF membrane and incubated with blocking

buffer (3% BSA, 0.1% Tween in PBS). Previously validated rabbit anti-CCNO antibody (Atlas HPA050090, validated in Wallmeier

et al.18) was used for detection of endogenous CCNO protein.

Immunofluorescence staining of ALI cultured hESCs and microscopy

Cells grown on transwells were fixed with ice-cold methanol at �20oC for 15 min. Cells were then blocked with blocking buffer (3%

bovine serum albumin in PBS) for 1 h, followed by 1 h incubation with relevant primary antibodies (see key resources table): anti-foxj1

antibody (1:200); anti-RFX2 antibody (1:200); anti-RFX3 antibody (1; 200), rabbit anti Deup1 (1:200), mouse IgG2b anti SAS6 (1:200),

at room temperature. After three washes with wash buffer (0.1% Triton in PBS), cells were incubated with secondary antibodies and

DAPI for 1 h. After three washes with wash buffer, the stained cells were mounted on glass slides with fluorescence-mounting me-

dium and imaged with an Olympus FluoView upright laser confocal microscope.

Transmission electron microscopy on human respiratory cells

Patients A to I

Samples of airway epithelial cells were obtained from nasal or bronchial biopsies of patients. They were fixed by 2.5%glutaraldehyde

in 0.045 M cacodylate buffer, pH 7.4, for a period of 2 h at a temperature of 4�C. Subsequently, the samples were postfixed with

osmium tetroxide (OsO4) and processed for transmission electronmicroscopy in accordancewith standard procedures. The ultrathin

sections were examined at different magnification of 6,000 to 100,000). Patient information is listed in Tables S1 and S2.

Patients J to T

Respiratory epithelial cells were obtained by nasal brush biopsies from the middle turbinate with nasal biopsy brushes (Engelbrecht

Medicine and Laboratory technology). For transmission electron microscopy analyses, airway cells were directly suspended in 2.5%
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glutaraldehyde and were fixed overnight at 4�C. Afterward, cells were stained with 1% osmium tetroxide. For complete permeabi-

lization, the stained material was then incubated overnight at 4�Cwith a 1,2-epoxypropane-epone mixture in a 1:1 ratio. The samples

was then embedded in epon, before they were transferred onto cupper grids. Contrasted with uranyl acetate and Reynold’s lead

citrate sample material was finally visualized using the Philips CM10 microscope. Patient information is listed in Table S2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification, image and statistical analyses were performed with ImageJ Excel, and GraphPad Prism software. Images used for

intensity quantification were all taken with the same microscopy parameters. Nuclear and cytoplasmic intensity was measured

used an in-house built ImageJ macro. Hoechst staining was segmented using morphological filtering and the segmented nucleus

area was used to measure themean fluorescence intensity of the channel of interest per nucleus. Cytoplasmic fluorescence intensity

quantifications were performed bymanual outlining of the cellular fluorescence signal. Nuclear and cytoplasmic measurements were

then classified based on differentiation stages and divided by the mean value per coverslip of the centrosome stage signal and

normalized as that y = 0 corresponds to the mean centrosome stage intensity.

Data were obtained from at least three independent experiments unless differently stated. Information about the statistical analysis

and the tests used in each case can be found in the figure legends. Kruskal-Wallis test + Dunn’s multiple comparisons, two-tailed

Mann-Whitney U-test and two-sided Chi-square test (two-proportion z-test) were performed and p-values summarized using

**** (p-value <0.0001).

ADDITIONAL RESOURCES

Patients OI-66 II1 and OI-104 II1 were recruited as part of the multicenter prospective National Israeli Consortium study on PCD, held

by 14 specialty groups in Israel. Institutional Review Boards for each site approved the study and all patients and guardians provided

written informed consent. The study was registered with ClinicalTrials.gov, number NCT01070914 (https://www.clinicaltrials.gov/

study/NCT01070914).
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