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In brief

Does a genuine cell cycle variant control
centriole amplification in multiciliated
cells? Serizay et al. tackle this question by
performing single-cell RNA-seq during
MCC differentiation. They show that
differentiating MCCs co-opt the cell cycle
transcriptional topology but switch
cyclins and APC/C regulators to divert
CDK activity toward differentiation.
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SUMMARY

Meiosis, endoreplication, and asynthetic fissions are variations of the canonical cell cycle where either repli-
cation or mitotic divisions are muted. Here, we identify a cell cycle variantconserved across organs and mam-
mals, where both replication and mitosis are muted, and that orchestrates the differentiation of post-mitotic
progenitors into multiciliated cells (MCCs). MCC progenitors reactivate most of the cell cycle transcriptional
program but replace the temporal expression of cyclins E2 and A2 with non-canonical cyclins O and A1. In
addition, the primary APC/C inhibitor Emi1 is silenced. Re-expressing cyclins E2 and A2 and/or Emi1 can
induce partial replication or mitosis. This shows that a cell can co-opt the cell cycle genetic program and
regulate only certain elements to qualitatively and quantitatively divert CDK activity toward differentiation
rather than division. We propose this cell cycle variant to exploit the existence of a cytoplasmic—or centrio-
lar—CDK threshold lower than the S-phase threshold.

INTRODUCTION

Shared factors regulate centriole and DNA duplication pro-
cesses throughout the cell cycle, and centriole over-duplication
is typically associated with genomic instability, accelerating
tumor formation and increasing tumor invasiveness (review in
Nigg and Holland"). Centrioles are also the essential component
of basal bodies, which act as anchors from which cilia nucleate.
Multiciliated cells (MCCs) harbor hundreds of cilia to transport
fluids along organ lumens and promote essential respiratory,
reproductive, and brain functions. To sustain basal body produc-
tion required to form hundreds of cilia, post-mitotic MCC pro-
genitors must uncouple centriole biogenesis from cell division
to amplify centrioles massively. In the mouse brain, this occurs
following three stereotypical phases: the centriole amplification
phase, in which centrioles are massively amplifying around
“deuterosome” organelles; the centriole growth phase, in which
centrioles grow; and finally, the centriole disengagement phase,
in which the newly formed centrioles will migrate and dock to the
apical plasma membrane to act as a molecular anchor for the
future cilia.”

Despite major differences with centriole duplication, such as
the absence of DNA replication, mitosis, and cell division, the
massive production of centrioles and the intervention of
MCC-specific organelles, we and others have previously
shown that the activity of individual cell cycle key players,

such as MYB, cyclin-dendendent kinases CDK2, CDKI1,
PLK1, and the APC/C, was essential for accurate control of
centriole amplification in MCCs.*® Pharmacological modula-
tion of the activity of these cell cycle factors induces significant
defects in the number of generated centrioles, in the dynamics
of their formation, and in motile ciliation in terminally differenti-
ated MCCs and can also induce mitosis-like features and
abnormal DNA replication.®® Here, we use single-cell RNA
sequencing (scRNA-seq) profiing to determine whether
MCCs co-opt the same type of transcriptional regulation as
cycling cells and assess the extent of cell cycle factor exap-
tation. We reveal that MCC differentiation is a genuine variation
of the cell cycle. It co-opts more than 70% of cell cycle factors
and shares all the features of transcriptional regulation recently
characterized in cycling cells. In this variant, CCNO and
CCNAT1, non-canonical cyclins associated with the expression
of genes involved in centriole amplification and motile ciliation,
respectively, replace CCNE2 and CCNA2 cyclins canonically
engaged in DNA synthesis and mitotic division. We show that
a limited expression of canonical cyclins or the Emi1 APC/C
inhibitor further tailors this cell cycle variant. Rescuing the
expression of canonical cyclins and/or Emi1 is sufficient to re-
route some differentiating nuclei into partial DNA replication
and/or mitotic division. This study shows that MCC differentia-
tion co-opts the optimal principles of gene regulation of the cell
cycle and finely tailors the gene set to tune CDK activity and
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uuuuu

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:jacques.serizay@pasteur.fr
mailto:alice.meunier@bio.ens.psl.eu
https://doi.org/10.1016/j.celrep.2024.115103
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2024.115103&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress

OPEN ACCESS

A
e S cc ox
‘\
N D
W]
LVW dissection

r N\

&

“ 1, 1, o (2 [P
@ Cell cycle S\é;l@//vvy\j\y/

| T

48-72h of in vitro
differentiation

Cell Reports

UMAP1
Single-cell
RNA-seq
2 replicates
~16,000 cells

UMAP2

Post-mitotic MCC differentiation

Post-mitotic
progenitors

Deuterosomal

Mid. deut. gells

cells Late deut.

cells @ !

) Progenitors Il
-

~—~ Unannotated
\ \\6/ / Cellcycle  Centriole amplification  Docking and Early MCCs @« cells
exit and growth cilia elongation
P @® MCCs

C D

Ruiz-Garcia, Deprez et al., 2019

This study La Manno et al., 2021 Ruiz-Garcia, Deprez et al., 2019
Putative cell cycle phase annotations Seam r &} e e N =] " n
600 600 600 600
F
4
b 12
< S
©
&
@ 400 400, 400 400
ES
o
]
o
o
% 200 200 200 200
8
5]
o
P
o
*
A 0 0 0
T D P P D P D
@ @ @ @ NN @ @ NN @ @
& & & & F & P & F o
IR AN NI NP NN > 2D @
RS A, S P, P L L & &P P & &
*c}\ é.\\\o %oé‘ &@ {}\ é.\\\o %0@ §@ & & é’@ _@k Nad %0@ _@N
O . O .
9) & e Qﬂé\ 9) & « QSQ'Q *é\@ 5 &Q}o\&s\\o *é\(@ 5 o@o\&s\\o
7 RPN (SRS O & P
<° <°

Figure 1. Deuterosomal cells massively co-opt cell cycle factors during post-mitotic differentiation

(A) Single-cell RNA sequencing (RNA-seq) profiling of in vitro mouse radial glial cells differentiating into MCCs.

(B) Uniform manifold approximation and projection (UMAP) of the single-cell RNA-seq dataset. Colors represent annotated cell populations. Post-mitotic pro-
genitor cells, deuterosomal cells, and MCCs have been further divided in smaller cell clusters.

(C) Putative cell cycle phase annotations inferred using SingleR using neural stem cell reference.’’ The inset represents the proportion of each putative cell cycle

phase in each cluster.

(D) Number of cell-cycle-related factors detected in cycling progenitors, post-mitotic progenitors, deuterosomal cells, and MCCs. Single-cell RNA-seq ex-

periments performed in vitro or in vivo from mouse and human brain or tracheal samples

deuterosomal cells. Cell cycle factors were retrieved from Giotti et al.’*

See also Figures S1-S3 and Table S1.

drive an exclusive cytoplasmic process. In a companion study,
we further show that Ccno, mutated in patients with severe
congenital ciliopathy, is required to enter this cell cycle variant.®
In a study parallel to this work, a different aspect of this cell cy-
cle variant is explored. It shows that another non-canonical
player, the transcription factor E2F7, is expressed during respi-
ratory MCC differentiation and involved in securing the DNA
replication block and accurate centriole production.’

RESULTS
Post-mitotic differentiating MCCs massively express
cell cycle factors during differentiation

We sought to investigate the extent to which cell cycle factors
are co-opted in MCC differentiation. We harvested MCC progen-

2 Cell Reports 44, 115103, January 28, 2024

1213 all reveal expression of a large number of cell-cycle-related factors in

itor cells from lateral ventricle walls of postnatal day (P)1 mouse
brains and cultured cycling progenitors to confluence before
inducing their differentiation into MCCs (see STAR Methods).
We then profiled the single-cell transcriptomes of 16,401 cells
comprising radial glial progenitors during and after they exit
the proliferation phase, differentiating MCC progenitors (also
known as deuterosomal cells) and terminally differentiated
MCCs (Figures 1A and S1A). After removing contaminating cells
(e.g., oligodendrocytes, neuroblasts, fibroblasts) and correcting
for batch effects (Figure S1B), we annotated four well-defined
cell populations subdivided into eight clusters: cycling progeni-
tors (expressing Mki67), post-mitotic progenitors (2 clusters
marked by /d7 and /d3 expression but no Mki67), deuterosomal
cells (3 clusters: “early,” marked by Deup1 and Ccno; “mid,”
marked by max Deup? expression; and “late,” marked by
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Deup1 and Ube2c, deuterosomal cells) and MCCs (2 clusters:
“early,” marked by Ccna1 expression but no Ube2c, and “termi-
nal,” marked by Tmem212, MCCs) (Figures 1B and S1GC;
Table S1; see STAR Methods). The remaining 2,534 unannotated
cells showed no clear overexpression of marker genes and were
characterized by low clustering stability (Figures S1D and S1E).

Using cell cycle phase transcriptional signatures from a neural
stem cell scRNA-seq reference,’’ we annotated putative cell cy-
cle phases for each cell. Interestingly, we found that most cells
in the deuterosomal population were annotated in the S, G2, or
M phase (70% overall), especially in the later deuterosomal sub-
cluster (95% of cells annotated in the S, G2, or M phase)
(Figures 1C, S1F, and S1G). We leveraged a list of manually
curated cell-cycle-related genes (n = 623 mouse genes)' to
investigate their co-option during differentiation. Whereas 85%
(527/623) of the cell cycle genes are expressed in cycling progen-
itors, only 34% (210/623) remained expressed in post-mitotic pro-
genitors (Figure 1D). These numbers are comparable to those
observed between proliferating oligodendrocyte progenitors
(OPCs) and post-mitotic oligodendrocytes (Figure S1H). However,
as much as 67% (417/623) of the cell cycle genes were also ex-
pressed in deuterosomal cells. In comparison, only 41% (253/
623) remained expressed in post-mitotic MCCs (Figure 1D). This
highlights that hundreds of cell cycle genes are reactivated during
MCC differentiation, specifically at the deuterosomal stage, dur-
ing which centrioles are amplifying. We observed a comparable
distribution of cell cycle phase transcriptional signatures and a re-
activation of cell cycle factors in deuterosomal cells profiled from
in vivo mouse embryonic brain development'? as well as from res-
piratory cells in mouse and human'® (Figures 1D and S2), showing
that this is not specific to brain MCCs, as recently confirmed by
another study,'° or cultured mouse MCCs and that it is conserved
in humans. We validated this observation using a cluster-indepen-
dent differentiation trajectory analysis (Figure S3). Altogether,
these results reveal an unexpected and massive co-option of
cell cycle genes during MCC differentiation, across species and
tissues, resulting in transcriptional signatures of deuterosomal
cells similar to those of cycling cells in different cell cycle phases.

Factors from most cell-cycle-related molecular
functions are expressed in deuterosomal cells

Next, we aimed to determine which cell cycle subprocesses
the genes re-expressed in deuterosomal cells were explicitly
involved. Using the cell cycle factor classification from Giotti
et al.,'* we observed that genes expressed in deuterosomal cells
are significantly enriched among 15 of 17 cell-cycle-related sets of
genes (Figures 2A and 2B). As expected, nearly all genes related
to centrosome regulation (94%, 32/34) are strongly detected in
deuterosomal cells (Figure S4A). Interestingly, factors involved in
all the other cell-cycle-related processes are also widely co-opted
(e.g., all of the 19 genes involved in cytokinesis, 15 out of 19 genes
involved in nuclear envelope regulation, etc.) (Figure S4A), sug-
gesting that beyond centriole biogenesis, all cellular compart-
ments may be affected by cell-cycle-like reorganization during
MCC differentiation. Notably, 59% of the genes directly involved
in DNA replication (30/51) are unexpectedly re-expressed in deu-
terosomal cells, including several core components of the pre-
replication complex (e.g., Orc2, Orc3, Orc5, Cdt1), the DNA heli-
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case (e.g., Mcm3, Mcmb5, Mcm?7), the replisome (Gins2, Gins4),
all the subunits of the replication factor C complex (Rfc1-5), and
the catalytic and regulatory subunits of the DNA polymerase alpha
(Polat and Pola2) (Figure S4A). However, some core members of
the pre-replication complex and replisome (Cdc6, Cdc7, and
Cdc45) or subunits of the DNA helicase (Mcm2, Mcm5, Mcmé6,
Mcm10) are not detected. This can be explained by findings pub-
lished during the submission of our manuscript, showing that the
expression of the transcription factor E2F7 in respiratory MCCs
downregulates the expression of genes involved in DNA replica-
tion.’® Finally, a majority of cell cycle factors involved in DNA
condensation, chromosome partition, and kinetochore formation
(8/11, 19/26, and 22/25, respectively; Figure S4A), like condensin
subunits (e.g., Smc2, Smc4, Ncap proteins, etc.), topoisomerase
2A (Top2a), or CenpA, are unexpectedly re-expressed in deutero-
somal cells. Such recruitment of nuclear factors that apparently
have no reason to be expressed in MCCs suggests the existence
of cell-cycle-like events in the nucleus during differentiation and/or
may indicate unknown functions of these factors in the cytoplasm.

Because we previously showed that an attenuated activity of
the mitotic oscillator (CDK1 and APC/C) itself was required dur-
ing MCC differentiation,® we compared gene expression of the
mitotic oscillator components and their direct regulators in
cycling progenitors or deuterosomal cells. We found that in
addition to Cdk1, Ccnb1, APC/C subunits, and Cdc20, nearly
all mitotic oscillator components are re-expressed in deuteroso-
mal cells to levels significantly comparable to those in cycling
progenitors (Figures 2C and 2D), showing that the whole machin-
ery is co-opted and refuting the hypothesis that mitotic clock
attenuation in MCCs is driven by a global decreased expression
of the mitotic oscillator components. However, several APC/C
inhibitors are re-expressed in differentiating MCCs at lower
levels than in cycling progenitors. Notably, the APC/C inhibitor
Emi1/Fbxob is totally silenced (see Figures 2C, 2D, and S4B). It
is replaced by its homolog Emi2/Fbxo43, albeit expressed at
very low levels (Figure S4C), consistent with a role of Emi2 in
MCC differentiation previously documented in Xenopus.® This in-
dicates that an overactive APC/C, rather than decreased expres-
sion of the mitotic oscillator main components, might attenuate
the mitotic clock in MCC.

Altogether, these results show that a large proportion of genes
from all the cell division processes are re-expressed in differen-
tiating mouse MCCs and, therefore, suggest that in addition to
centriole biogenesis, cell-cycle-like reorganization of the cyto-
plasm, the nuclear membrane, and even the chromatin occurs
during MCC differentiation. Further studies are needed to high-
light the other aspects of the cell cycle that are co-opted to con-
trol MCC differentiation.

Deuterosomal cells progress through differentiation by
following a transcriptional circular trajectory similar to
the cell cycle

The expression of the cell cycle regulatory circuitry in deuteroso-
mal cells suggests that they can progress through the different
intermediate stages of differentiation by using regulatory mech-
anisms thought to be restricted to cycling cells progressing
through different cell cycle phases. Supporting this, when
processed together, deuterosomal cells cluster with cycling
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cell cycle functions statistically enriched (>4-fold, p < 0.01) for genes expressed in cycling progenitors, post-mitotic progenitors, deuterosomal cells, or MCCs.
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(B) Proportion of cell cycle factors preferentially enriched in deuterosomal cells versus cycling progenitors (orange) or cycling progenitors versus deuterosomal
cells (in blue) or not differentially expressed (in white). Genes that are not detected in any of the two cell populations are not included.
(C) UMAP of the scRNA-seq dataset, each cell colored by the level of expression of Cdk1, cyclin B (Ccnb1), Cdc20, or the average expression of all APC/C

subunits.

(D) Schematic of the main components of the mitotic oscillator in G2/M cycling progenitor cells (left) or deuterosomal cells (right). The colormap indicates gene
expression fold change versus non-cycling progenitor cells. Labels in bold indicate factors differentially expressed between deuterosomal cells and G2/M cycling
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See also Figure S4.

progenitors according to their putative cell cycle phase
(Figures S5A-S5D).

Several reports recently showed that a stereotypical clocklike
progression of cells through the cell cycle can be identified from
scRNA-seq data.’®'” Schwabe et al. and Zinovyev et al. both re-
vealed that immortalized cycling cells embedded in a linear prin-
cipal-component analysis (PCA) space form a circular path along
which they advance as a cycle.'®'” PCA integration of our pri-
mary cycling progenitors (n = 759 cells) highlighted that these
cycling primary cells also form a planar circular path in linear
two-dimensional (2D) space (Figure 3A). We computed a radial
progression for each cell, which we used to reveal that cell cycle
phases are sequentially distributed along this circular path (Fig-
ure 3B), confirming previously published results in immortalized

4 Cell Reports 44, 115103, January 28, 2024

cycling cells. We then performed the same analysis on deutero-
somal cells and observed that they recapitulate a similar circular
path, successively traversing early, mid, and late deuterosomal
transcriptional stages (Figures 3C and S5E). Importantly, we
found that putative cell-cycle-like phase annotations for deuter-
osomal cells are also sequentially distributed along the circular
trajectory (Figure 3D), as shown for cycling progenitor cells. Deu-
terosomal cells radially progress through G0/G1-, S-, G2-, and
M-like phases, albeit with a relative enrichment of S/G2- and
G2/M-like cells over pure S-like cells when compared to the
cycling progenitors. This lower representation of S-like cells is
consistent with the lower number of DNA replication factors
being re-expressed in deuterosomal cells (Figures 2A, 2B,
and S4A).
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Figure 3. Deuterosomal cells progress through differentiation following a cell-cycle-like circular trajectory

(A) PCA embedding (PC1 and PC2) of cycling progenitor cells. The black curve denotes the average position of cells around the center point of the PCA space.
Right: representation of the cycling progenitors with a color range indicating the radial progression of each cell.

(B) Radial distribution of cycling progenitors with a color scale indicating the putative cell cycle phase annotated using SingleR and a neural stem cell reference. '
(C) PCA embedding (PC1 and PC2) of deuterosomal cells. The black curve denotes the average position of cells around the center point of the PCA space. Right:
representation of the deuterosomal cells with a color range indicating the radial progression of each cell.

(D) Radial distribution of deuterosomal cells with a color scale indicating the putative cell cycle phase annotated using SingleR and a neural stem cell reference.’”
(E) RNA velocity analysis of cycling progenitors and deuterosomal cells. RNA velocity relies on nascent transcript abundance to predict where each cell would be
positioned in the future. Left: RNA velocity vector field of cycling progenitor cells. Right: RNA velocity score for Pcna and Ube2c, two cell-cycle-related genes.
Green (purple) indicates an increasing (decreasing) production of nascent RNA, while white indicates a steady-state production of nascent RNA.

(F) Left: RNA velocity vector field of deuterosomal cells. Right: RNA velocity score for Deup1 and Cdc20b, two genes involved in the regulation of MCC dif-
ferentiation.

See also Figure S5.

We then computed RNA velocity in each subset of cells.'® In In agreement with what has been previously described in

both cycling progenitors and deuterosomal cells, the RNA ve-
locity vector field reveals that cells move forward (i.e., clock-
wise) along their circular path (Figures 3E and 3F). RNA velocity
scores of genes transiently transcribed during the cell cycle
(e.g., Pcna or Ube2c) or MCC differentiation (Deup? and
Cdc20b) confirmed that transcription of these genes sequen-
tially occurs along the respective cycling and deuterosomal cir-
cular paths.

immortalized cell lines'® and with our own measurements in
cycling progenitors, we also observed a gradual increase in (1)
the number of expressed genes and (2) the total transcript con-
tent in deuterosomal cells during the S- and G2-like phases up to
a tipping point, after which transcription is reduced, as seen in
cycling cells after mitosis entry (Figure S5F). Also, similar to
what has been previously described in immortalized cycling
cell lines'® and what we observe in primary cycling progenitors,
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we found two regimes of gene transcription onsets in deuteroso-
mal cells: first a relatively fast rate for 96% of the genes variably
expressed in deuterosomal cells (2,106/2,183), followed by a
stark decrease (~4.5-fold decrease) shortly before the cells
reach their maximum transcriptional output (Figure S5G).
Altogether, these results show that brain differentiating MCCs
share all the features of transcriptional regulation previously
characterized in cycling cells. They follow a multiciliation trajec-
tory characterized by successive cell-cycle-like phases and
reuse the optimized principles of cell cycle gene regulation.
We observed a similar distribution of cell-cycle-like transcrip-
tional signatures along a circular trajectory of deuterosomal
cells during in vivo mouse embryonic brain development'?
(Figures S5H-S5J). We conclude that the differentiation lineage
of MCCs consists of a single iteration of a cell cycle variation.

A cascade expression of cyclins characterizes the MCC
cell cycle variant

Cyclins are the key factors controlling the progression of cycling
cells through the cell cycle. When a cyclin accumulates to a suf-
ficient threshold, it acts as a molecular switch that triggers the
enzymatic activity of specific cyclin-dependent kinases. It has
been established that (1) D-type cyclins are involved in progres-
sion through the G1 phase, (2) E-type cyclins contribute to the
transition from the G1 to the S phase, (3) cyclin A2 orchestrates
interphase progression as well as the G2/M transition, and (4) cy-
clin B1 controls progression from entry to exit of mitosis.'® Suc-
cessive waves of cyclin expression provide a tentative model to
organize the MCC cell cycle variant.

Leveraging the cyclic progression of proliferating progenitor
cells, we modeled the temporal activation of canonical cyclins
in cycling cells, which recapitulated the well-known expected
pattern of successive waves of cyclin transcription, with D2,
E2, A2, and B1 cyclins broadly delineating the different putative
cell cycle phases (Figures 4A and 4B). This result confirms that
the radial distribution of dividing cells along a scRNA-seq circular
trajectory can be used to estimate cell cycle progression in prolif-
erating progenitors (Figure 4B). Then, using the same approach
in deuterosomal cells, we found that cyclins D2 (Ccnd?2) and B1
(Ccnb1) were transiently expressed in the MCC cell cycle variant
(Figures 4C and 4D). The temporal expression profiles of these
two cyclins were highly correlated with those from cycling pro-
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genitors (r = 0.98 for Ccnd2 and r = 0.97 for Ccnb1), albeit with
an expression generally lower for Ccnd2 (Figure 4D). In contrast,
the other canonical cyclins (i.e., A2 and E-type cyclins) remained
mostly untranscribed throughout this cell cycle variant. Instead,
cyclins O (Ccno) and A1 (Ccnal), previously shown to be
involved in MCC differentiation,”*>?" are as highly expressed
as Ccnd2 and Ccnb1 in the MCC cell cycle variant (Figures 4C,
4D, and S6A).

Importantly, we uncovered that their expression patterns were
temporally delimited, defining two different periods for which
each cyclin is predominantly expressed. Ccno is prominently ex-
pressed from the S- and up to the G2/M-like phase of the MCC
cell cycle variant, while Ccna1 is mostly expressed during the
G2/M- and M-like phases (Figure 4D). In addition, the temporal
expression patterns of Ccno and Ccnat in deuterosomal cells
are correlated with those of Ccne2 and Ccna2 in cycling progen-
itors, respectively (r = 0.83 and 0.62). Importantly, we observed a
similar temporality of successive cyclin expression along MCC
differentiation, both during in vivo mouse embryonic brain devel-
opment (Figure S6B)'? and in the human epithelial airway (Fig-
ure S6C).?? Altogether, these results show that MCC differentia-
tion is marked by successive, partially overlapping, waves of
cyclin transcription, analogous to those described in the cell cy-
cle, with sequential D2, O, A1, and B1 cyclin phases, further sup-
porting the existence of a genuine cell cycle variant during MCC
differentiation.

Waves of cyclin expression segment the cell cycle into suc-
cessive phases. In each phase, functional sets of genes are pre-
dominantly expressed to carry out specific biological functions in
each cell cycle phase.”®** Indeed, we found hundreds of genes
whose temporal expression was positively correlated with that of
canonical cyclins within the cell cycle (n = 130 genes with highest
correlation for cyclin E2, n = 187 for cyclin A2, n = 110 for cyclin
B1) (Figure 4E). The functions of these gene sets are respectively
enriched for replication processes (minichromosome mainte-
nance (MCM) complex, nuclear DNA replication), mitosis
regulation (e.g., centrosome regulation, spindle checkpoint),
and late-mitosis events (e.g., APC/C activity), confirming that
cyclin-correlated patterns of temporal expression allow defining
groups of genes that are functionally related to the cyclin (Fig-
ure 4G). The same analysis performed on deuterosomal cells
pointed at hundreds of genes with expression positively

Figure 4. Deuterosomal cells activate cascades of canonical and non-canonical cyclins with coordinated gene expression

(A) Expression of cyclin D2 (Ccnd2), cyclin E2 (Ccne2), cyclin A2 (Ccna2), and cyclin B1 (Ccnb1) canonical cyclins in cycling progenitor cells in PCA embedding.
(B) Expression of these cyclins in cycling progenitors distributed according to their radial progression. This recapitulates the well-known pattern of successive
waves of cyclin expression during the cell cycle.

(C) Expression of cyclin D2 (Ccnd2), cyclin O (Ccno), cyclin A1 (Ccnat), and cyclin B1 (Ccnb1) cyclins in deuterosomal cells in PCA embedding.

(D) Expression of these cyclins in deuterosomal cells distributed according to their radial progression. Note the successive waves of Ccnd2, Ccno, Ccnat, and
Ccnb1 expression, resembling the waves of canonical cyclin expression in cycling progenitors.

(E) Network of genes (small nodes) whose temporal expression correlates with that of canonical cyclins (larger nodes) in cycling progenitor cells. The colors
indicate with which cyclin each gene is mostly correlated. Edge thickness is proportional to the correlation score between gene expression and cyclin expression.
Only correlations greater than 0.3 (Pearson p score) are shown. Insets show the average expression of all the genes correlated with each cyclin during the
canonical cell cycle.

(F) Same as in (E) but for cyclins expressed with deuterosomal genes. Insets show the average expression of all the genes correlated with each cyclin during the
MCC cell cycle variant.

(G) Biological functions associated with sets of genes temporally correlated with each cyclin in cycling progenitors (left) or deuterosomal cells (right). Genes with a
p correlation score greater than 0.3 for several cyclins were associated with the cyclin with which they had the greatest correlation.

See also Figure S6.
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correlated with that of cyclin O (n = 60), cyclin A1 (n = 499), or cy-
clin B1 (n = 115) (Figure 4F). Genes mostly correlated with cyclin
B1 were involved in mitosis events, and some components have
been involved in centriole number, growth, and disengagement®
(Figure 4G). Genes mostly correlated with cyclin O appear en-
riched for key MCC differentiation and centriole biogenesis reg-
ulators, while those mostly correlated with cyclin A1 are enriched
for cilium biogenesis and motility, which contradicts recent data
suggesting an early involvement of this CCNA1 in centriole
amplification.” Interestingly, we found the same consecutive
expression of Ccno and Ccnal and the same switch between
Emi1 and Emi2 expression during male meiosis®® (Figures S6D
and S6E), another important cell cycle variant during which
centriole biogenesis occurs—in the absence of DNA replica-
tion—and is followed by motile flagella growth.

Altogether, these results support the existence of an MCC-
specific cell cycle variant, supported by successive waves of cy-
clin expression, in which the cell cycle deviates from its expected
trajectory by replacing some canonical cyclins with non-canon-
ical ones. In this variant conserved across tissues and mammals,
the onset is marked by the expression of Ccno instead of Ccne2,
consistent with an increase in cytoplasmic centriole content
instead of nuclear ploidy. Later, and with the same temporality
as in the cell cycle, Ccnb1 is expressed, consistent with the
role of the mitotic oscillator in centriole growth and disengage-
ment. During a comparable period, Ccnat is expressed instead
of the second mitotic cyclin, Ccna2, and its expression is corre-
lated with genes involved in cilia motility.

Expression of canonical cyclins E2 or A2 and/or APC/C
inhibitor Emi1 can trigger cell cycle nuclear events

We next hypothesized that if MCC differentiation is a valid cell
cycle variant, then re-expression of the missing canonical ele-
ments would restore the nuclear events skipped during differen-
tiation. In particular, Emi1 —an APC/C inhibitor that regulates the
progression of the canonical cell cycle by regulating DNA repli-
cation and its coupling to mitosis®®“®—is drastically silenced
during MCC differentiation and partially replaced by its homolog
Emi2, lowly expressed in deuterosomal cells (Figures S4C and
S6A). We should be able to restore DNA replication and/or
mitotic events specifically in differentiating cells by re-express-
ing missing EMI1. Supporting this hypothesis, a recent study in
Xenopus reported EdU incorporation and mitosis figures in
differentiated skin MCCs upon APC/C inhibition by the overex-
pression of Emi2.° We infected differentiating cells to express
the missing Emi1 and monitored DNA replication by EdU incor-
poration and mitosis entry by immunostaining phosphorylation
of histone 3 serine 10 (H3S10p) (see STAR Methods). We
observed a partial replication in a subset of differentiating pro-
genitors at 96 h post-infection (hpi) (Figures 5A and 5C), which
we failed to detect upon infection with GFP or with Emi71 at
24 hpi (Figures 5C and S7A). We also detected a significant pro-
portion of differentiating MCCs with mitotic figures—marked by
chromosome condensation, nuclear envelope breakdown, and
actin network remodeling—upon Emi1 infection, both at 24
and 96 hpi (Figures 5B, 5C, S7B, and S8). This suggests that
the silencing of EMI1, and more generally, the decreased
expression of APC/C inhibitors (Figures 2B and S4B), is a phys-
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iological explanation for the dampening of CDK1 activity, which
was previously shown by pharmacological treatments to be
responsible for the decoupling between cytoplasmic and nuclear
processes preventing mitotic events in differentiating MCCs.®
This dampening seems to also be involved in preventing DNA
replication.

Cyclins E2 and A2 are two other cell cycle core regulators not
reactivated during MCC differentiation. Cyclin E2 is required for
the transition between G1 and S and the initiation of replication,
whereas cyclin A2 is crucial for the correct progression through S
and G2 phases up to mitosis entry.?**° We infected cells with cy-
clin E2 and cyclin A2 and monitored DNA replication and mitosis
entry events. We observed that cyclin E2 infection was sufficient
to induce partial DNA replication in some differentiating cells,
marked by foci of incorporated EdU 96 hpi (Figures 5A, 5D,
and S7C). The co-infection of cyclin E2 with Emi1 doubled the
proportion of EdU-positive deuterosomal cells, suggesting an
additive effect of each factor. On the other hand, we observed
that cyclin A2 infection was sufficient to induce mitotic events
in some differentiating cells 24 hpi (Figures 5A, 5D, and S7C),
and the co-infection of cyclin A2 with Emi1 dramatically
increased the number of differentiating MCCs entering mitosis.
This synergistic effect is likely due to EMI1-dependent inhibition
of APC/C, which is normally involved in cyclin A degradation,
leading to the indirect stabilization of ectopic cyclin A2, as shown
by the increase in cyclin A2-positive differentiating cells upon co-
infection (Figure S7D).

Interestingly, although critical elements of the cytokinesis con-
trol machinery are re-expressed in deuterosomal cells (Fig-
ure S4), cytoplasmic division was never observed, perhaps
because a combination of biochemical and mechanical signals
drives it. Also, full DNA replication was not observed, suggesting
that some factors are missing for complete DNA synthesis, as
suggested by our previous observations (Figure S4) and a paral-
lel study.'® Strengthening this hypothesis, the partial replication
we observe is systematically located at the periphery of chromo-
centers (Figure S9A), and elements of the replisome recently
involved in centromere replication (e.g., TOP2A topoisomerase,
the SMC5/6 structural maintenance complex, or polymerase
subunits, e.g., polymerase ¢ subunit Rev3/ or polymerase « sub-
units a7 and a2)®" are re-expressed or remain expressed during
differentiation (Figure S9B).

Overall, these results confirm that MCC differentiation is a
genuine cell cycle variant. They also show that it is tailored by
variation in cyclin and APC/C inhibitor expression to allow
centriole biogenesis without associated nuclear replication and
mitosis. In a follow-up study, we investigate the role of cyclin
O, the first non-canonical cyclin expressed during the MCC
cell cycle variant.”

DISCUSSION

A cell cycle variant orchestrates MCC differentiation

Cell cycle variants can diverge from the G1-S-G2-M phases of
the canonical cell cycle. Some cells can skip DNA replication
to make haploid gametes in meiosis or accelerate cell division
during asynthetic fission,®* while others can skip mitotic cell di-
vision to increase the genomic content of differentiating cells
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Figure 5. Reactivating APC/C inhibitor Emi1 or the canonical cyclins E2 or A2 can rescue cell cycle nuclear events

(A) Representative images of cells infected to express different combinations of cell cycle factors, stained for EAU incorporation (96 hpi). Centriole staining by FOP
is used to identify progenitors (black arrows) and differentiating deuterosomal cells (white arrows). Scale bar: 10 um.

(B) Representative images of cells infected to express different combinations of cell cycle factors, immunoassayed for mitosis figures (with H3S10p) (24 hpi). Centriole
staining by FOP (FGFR1 oncogene partner) is used to identify progenitors (black arrows) and differentiating deuterosomal cells (white arrows). Scale bar: 10 um.
(C) Proportion of differentiating deuterosomal cells among all the cells marked by EdU (left) or mitosis figures (right), after GFP or Emi1 overexpression, 24 and
96 hpi. Differentiating deuterosomal cells are identified according to FOP staining. The total number of cells counted for each experiment is indicated on top of
each boxplot, with the number of replicates indicated in parentheses. Full counts are provided in Table S2. Cultures for each replicate were performed by pooling
cells from 1-6 newborn mice. Counts were performed by scanning over a coverslip and visually enumerating relevant cells. p values are calculated using a
Fisher’s exact test and summarized as follows: *p < 0.05, *p < 0.01, and ***p < 0.001. Boxplots show the median (horizontal line), the interquartile range (IQR;
represented by the height of the box, spanning from the 25th to the 75th percentile), and the whiskers extend from the box to the smallest and largest values within
1.5 times the IQR from the lower and upper quartiles, respectively.

(D) Same as (C) but with additional infections by Ccne2, Ccne2+Emi1, Ccna2, or Ccna2+Emi1. Counts for EJU incorporation were performed 96 hpi. Counts for
mitosis figures were performed 24 hpi. Counts for GFP and Emi1 infections are the same as those shown in (C) for easier comparison with the other conditions.
Boxplots representations are the same as in (C).

See also Figures S7-S9.

(endoreplication®?). Here, we show that MCC differentiation isa  process to be a genuine variation of the cell cycle since we
final and customized iteration of the cell cycle skipping both DNA  show that cells differentiating into MCCs (1) organize their tran-
replication and mitotic division to drive the amplification of cyto-  scriptome in a circular trajectory, (2) progress through S-, G2-,
plasmic organelles, the centrioles (Figure 6). We propose this and M-like phases along this circular trajectory, (3) progressively
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Figure 6. MCC differentiation is a final iteration of a genuine cell cycle variant

In both the canonical cell cycle (left) and the MCC cell cycle variant (right), cells organize their transcriptome in a circular trajectory, progress through S-, G2-, and
M-like phases along this circular trajectory, progressively increase their transcriptional output, followed by a sharp decline when they enter G2/M-like phase, and
are marked by waves of cyclins that demarcate consecutive functional phases along this circular trajectory. However, in the MCC cell cycle variant, the
expression of cyclins E2 and A2, correlated, respectively, with the expression of DNA replication and mitosis regulators in the canonical cycle, is replaced by the
expression of non-canonical cyclins O and A1, correlated, respectively, with the expression of centriole and motile cilia genes. Also, the primary APC/C inhibitor
Emi1 is silenced. Re-expressing these missing elements can rescue cell cycle nuclear events. We propose that such adaptation of the cell cycle genetic program
diverts CDK activity toward the cytoplasmic rearrangement required for multiciliation (see Figure S10). Note tissue specificity for (1) D-type cyclins, with cyclin D1
predominantly expressed in respiratory cells, while cyclin D2 is predominantly expressed in brain cells,’® and (2) E-type cyclins, which are silenced in the brain
MCC cell cycle variant, while they remain expressed in the respiratory MCC cell cycle variant.'°

See also Figure S10.

increase their transcriptional output, followed by a sharp decline
when they enter the G2/M-like phase, and (4) are marked by
waves of cyclins that demarcate consecutive functional phases
along this circular trajectory. This variant is marked by the
replacement of some core cyclins with atypical ones and by
the silencing of Emi1, the primary APC/C inhibitor. Re-expres-
sion of these missing canonical elements can restore partial
DNA replication, full DNA condensation, and nuclear envelope
breakdown. A parallel study in respiratory MCCs shows that an
additional non-canonical player, the transcription factor E2F7,
is also expressed, which downregulates some DNA duplication
players, and participates in DNA replication block.'®

The MCC cell cycle variant is quantitatively regulated

The canonical cell cycle is regulated by two complementary prin-
ciples: a quantitative increase in CDK activity driving progression
through cell cycle phases, as well as a qualitative specificity of
substrates of CDK activity influenced by cyclins.®* In particular,
different thresholds of CDK activity are proposed to exist: a lower
CDK activity threshold required for DNA replication during the S
phase, and a higher CDK activity threshold required for entry into
mitosis.®° This allows a decoupling between different cell cycle
events. For example, cells undergoing endoreplication differ
from dividing cells by their inability to segregate chromosomes
or divide, and this would be partly driven by a tuning of CDK ac-
tivity allowing the cell to progress through the S but not the M
phase.*® In addition, experimental dampening of CDK activity

10  Cell Reports 44, 115103, January 28, 2024

in cycling cells can block nuclear events while staying permissive
from cytoplasmic ones,*®*” such as centriole biogenesis.*® In a
previous report, we have already shown that pharmacologically
blocking CDK1 inhibitory phosphorylation by Wee1/Myt1 in
differentiating MCCs resulted in nuclear mitotic events, high-
lighting that CDK activity is normally dampened in differentiating
MCCs to avoid mitosis.

Here, we further show that the core repressor of APC/C, EMIT,
is missing in the MCC cell cycle variant and that its re-expression
can trigger partial DNA replication and mitotic-like events. A pre-
vious study focusing on differentiating skin MCCs in Xenopus
also showed that the overexpression of Emi2, an Emi1 homolog,
also leads to DNA replication and mitotic events.® Our results,
together with previous reports, suggest that MCC differentiation
relies on the existence of another CDK activity threshold, even
lower than the DNA replication threshold and maintained by
the controlled expression of cyclins and APC/C inhibitors
Emi1/2, that is permissive for centriole amplification but not
DNA replication nor mitosis entry (Figure S10). This attractive hy-
pothesis remains to be tested, for example by performing
inducible degradation of cyclins or CDKs specifically in the cyto-
plasmic or nuclear compartment. Other mechanisms could
also contribute to the decoupling between the nuclear and cyto-
plasmic compartments; for example, controlled cyclin transloca-
tion into the nuclear compartment®® or a greater affinity of cyclin-
CDKs to cytoplasmic cell cycle factors (e.g., centrioles) than to
nuclear targets.
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The MCC cell cycle variant is qualitatively regulated

In this study, we also highlight that while the core cell cycle ma-
chinery is present, the E2 and A2 cyclins are, respectively, re-
placed by the non-canonical O and A1 cyclins. The two non-ca-
nonical cyclins are expressed in different differentiation time
frames, and their temporal expression is correlated with that of
gene sets with different functions related to MCC differentiation.
In addition, rescuing the activity of the canonical cyclins E2 and
A2 can be sufficient to reroute differentiating cells toward cell-
cycle-like events. Interestingly, Ccne? is more expressed than
Ccne2 in tracheal cells and remains expressed in tracheal
deuterosomal cells,'® suggesting differences between mouse
tissues as also reported in our companion report.? More impor-
tantly, we have further characterized the role of the non-canon-
ical cyclin O in this MCC cell cycle variant in a follow-up study.®
We reveal that CCNO is required to progress through the G1-to-
S transition of the MCC cell cycle variant. This shows that a qual-
itative control, in addition to the APC/C-mediated quantitative
regulation of CDK activity, orchestrates centriole amplification
rather than DNA replication and mitosis in MCC (Figure S10).
Of note, the expression of these cyclins in two distinct waves,
with cyclin O ahead of cyclin A1, contrasts with what has been
suggested during MCC differentiation in respiratory cells.” This
could be explained by the great increase in the resolution of
the progression of differentiation achieved by scRNA-seq in
our study. In conclusion, a nearly identical cell cycle machinery
with identical transcriptional oscillations but different sets of cy-
clins orchestrates the MCC cell cycle variant, whose cellular
outcome is entirely different from cell division.

Interestingly, we also identified successive expression of the
non-canonical cyclins O and A1 as well as the tuned expression
of Emi2, replacing Emi1, in male meiosis, an essential variant of
the canonical cell cycle where centrioles are produced un-
coupled from DNA replication.’®*? The wave-like expression
of Ccno is also associated with the transcriptional silencing of
Ccne2 during male meiosis, further reinforcing the relevance of
the MCC differentiation program as a genuine cell cycle variant
regulated both qualitatively and quantitatively.

Relevance of the MCC cell cycle variant in pathologies

While such proximity between cell division and centriole amplifi-
cation may appear risky,1 this cell cycle variant—marked by the
association of centriole amplification with low CDK activity—
could be an efficient barrier to avoid DNA replication and cell di-
vision in cells with amplified centrioles. Supporting this “fail-
safe” hypothesis, several medical reports reveal the existence
of MCCs in cysts that have been found in a wide variety of nor-
mally non-multiciliated organs (2,202 occurrences of the term
“ciliated cyst” in the PubMed database, e.g., in Fernandez Fig-
ueras et al.,*® Rubio et al.,** and Hughes et al.*®). Such potential
for multiciliation in a progenitor cell could also underpin the
observed formation of MCCs along the lumen of non-MCC
fluid-producing tissues (kidney, urethra) in pathological situa-
tions, where they could contribute to restore fluid flow.*®*® On
the other hand, such proximity between canonical and MCC
cell cycle variants may lead to altered MCC epithelia integrity
in respiratory and/or reproductive organs in patients treated
with chemotherapies. In addition to providing a detailed prism
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for the study of multiciliation mechanisms, the close similarity
of multiciliated differentiation mechanisms to those of the cell cy-
cle revealed in this study expands the putative functions of
MCCs, sheds new light on the link between centriole number
and cell division, and shows that cell cycle variants can also con-
trol cytoplasmic and not only nuclear processes during cell
differentiation.

Limitations of the study

In this study, we focus on the transcriptional regulation of cell cy-
cle factors during the MCC cell cycle variant. We have already
shown that upon pharmacological induction, differentiating cells
could enter pseudo-mitosis in 30 min, including full chromosome
condensation, nuclear envelope breakdown, and microtubule
reorganization.® This suggests that transcripts encoding mitosis
factors are indeed translated into protein. However, the post-
translational regulation of cell cycle factors by phosphorylation
or proteolysis is fundamental for progression through the canon-
ical cell cycle phases and could also contribute to the regulation
of cell cycle processes during MCC differentiation, which could
contribute to the partial rescue when re-expressing Ccne2 or
Emi1. Since MCC differentiation initiates asynchronously within
a population of cycling progenitors and could not be synchro-
nized, investigating the mechanisms of post-translational regula-
tion would need the application of emerging single-cell prote-
omics and phosphoproteomics approaches. This next step
would greatly help to untangle the regulatory mechanisms con-
trolling this cell cycle variant.

RESOURCE AVAILABILITY

Lead contact
Requests for further information and resources should be directed to and will
be fulfilled by the lead contact, Alice Meunier (alice.meunier@bio.ens.psl.eu).

Materials availability
This study did not generate new unique reagents.

Data and code availability

o Raw and processed sequencing data have been deposited at the NCBI
Gene Expression Omnibus under the accession ID GEO: GSE201773
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse IgG2b Anti-Actin Antibody (C4) Millipore Cat# MAB1501; RRID:AB_2223041

Rat Anti-tyrosinated tubulin (YL1/2) Abcam Cat# ab6160; RRID:AB_305328

Mouse IgG1 Anti-Nuclear Pore Complex Eurogentec Cat# MMS-120P-100; RRID:AB_291294
Proteins Monoclonal Antibody (Mab414)

Rabbit Anti-HA Antibody Cell Signaling Cat# 3724; RRID:AB_1549585

Mouse IgG1 Monoclonal Anti AdipoGen Cat# AG-20B-0020, Clone GT335;

Polyglutamylation Modification (GT335)
Mouse IgG2b Monoclonal Anti FOP

Rabbit Anti Histone 3 Serine 10 P

Abnova Corporation

Cell Signaling

RRID: AB_2490210

Cat# H00011116-M01; Clone: 2B1;
RRID: AB_463883

Cat# 9701; RRID:AB_331535

Bacterial and virus strains

pAV[Exp]-CMV>EGFP
PAV[Exp]-CMV>Myc/mFbxo5
PAV[Exp]-CMV>HA/mCcna2
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VectorBuilder
VectorBuilder
VectorBuilder
VectorBuilder

VB010000-9299hac
VB220220-10571rt
VB220220-1059gxr
VB230105-1113bjk

Chemicals, peptides, and recombinant proteins

PD 166285 dihydrochloride
EdU (5-ethynyl-2-deoxyuridine)

Tocris Bioscience
Thermo Fisher Scientific

Cat# 37852; Pubchem# 9916391
Cat# 11590926; CAS: 61135-33-9

Critical commercial assays

Click-iT® EdU Imaging Kit
Single Cell 3’ kit

ThermoFisher
10X Genomics

C10337
Chemistry v3.1

Deposited data

Raw and analyzed scRNAseq data

Original code for this study

Single-cell RNA-seq data of human adult
spermatogenesis

An integrated cell atlas of the human lung
in health and disease (core)

Single-cell RNA-seq dataset of the human
airway epithelial cells in air-liquid interface
(ALI) culture for 28 days

Single-cell RNA-seq data of mouse tracheal
embryonic cells in air-liquid interface (ALI)
culture for 3 days

In vivo single-cell RNA-seq data of the brain
during mouse embryonic development

This paper

This paper

Guo et al.?®

Sikkema et al.*”

Ruiz-Garcia et al.'®

Ruiz-Garcia et al."®

La Manno et al.’?

GEO: GSE201773; https://cellxgene.
cziscience.com/collections/33f48a52-
31d8-4cc8-bd00-1e89c659a87f

https://doi.org/10.5281/zenodo.14105247
GEO: GSE112013

Cellxgene collection: 6f6d381a-7701-

4781-935¢c-db10d30de293
GEO: GSM3439922

GEO: GSM3439924

https://storage.googleapis.com/
linnarsson-lab-loom/dev_all.loom

Experimental models: Organisms/strains

C57Bl6J
C57BI6N
RjORL:SWISS

Cen2-GFP: CB6-Tg(CAG-EGFP/CETN2)
3-4Jgg/J

Gift from the laboratory of

Gabriel Gil-Gomez

Gift from the laboratory of

Andrew Holland
Janvier Labs

The Jackson Laboratory*®

N/A

N/A

N/A
Cat# JAX:008234; RRID: IMSR_JAX:008234
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Software and algorithms

ImageJ Schindelin et al.*° https://imagej.nih.gov/ij/download.html;
RRID: SCR_003070

Rv4.4.1 R-project https://www.r-project.org/

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

10x Genomics Cell Ranger v5.0.1 Zheng et al.®? https://www.10xgenomics.com/support/
software/cell-ranger/latest

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

batchelor 1.20.0
scran 1.32.0
scater 1.32.0
scuttle 1.14.0
igraph 2.0.3

SingleR 2.6.0
slingshot 2.12.0
gprofiler2 0.2.3

Seurat 5.1.0

tradeSeq 1.18.0
scvelo 0.2.5
ggplot2 3.5.1

tidyverse 2.0.0

Haghverdi et al.>*

Lun et al.>®
McCarthy et al.*®
McCarthy et al.®
Csardi et al.

Aran et al.®’

Street et al.”®

Kolberg et al.*®
Hao et al.®°

Van den Berg et al.®”
Bergen et al.’®

Whickam®?

Whickam®?

https://www.bioconductor.org/
https://www.bioconductor.org/
https://www.bioconductor.org/
https://www.bioconductor.org/

https://cran.r-project.org/web/packages/
igraph/index.html

https://www.bioconductor.org/
https://www.bioconductor.org/

https://cran.r-project.org/web/packages/
gprofiler2/index.html

https://cran.r-project.org/web/packages/
Seurat/index.html

https://www.bioconductor.org/
https://scvelo.readthedocs.io/en/stable/

https://cran.r-project.org/web/packages/
ggplot2/index.html

https://cran.r-project.org/web/packages/

tidyverse/index.html

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

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;
APAFiIS #9343). The mouse strains used for scRNAseq profiling are C57BI6J or C57BI6N, and the strains used for immunofluores-
cence stainings are RjOrl:SWISS (Janvier labs) or a Cen2-GFP transgenic line, obtained from the Jackson Laboratory (JAX:008234).°"
Both Cen2-GFP*~ and Cen2-GFP~/~ pups were used for the study since no differences between the two have been reported.

METHOD DETAILS

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

Newborn mice (C57BI6N or C57BI6J, PO-P2) were sacrificed by decapitation. The brains were then dissected in Hank’s solution (10%
HBSS, 5% HEPES, 5% sodium bicarbonate, 1% penicillin/streptomycin (P/S) in pure water) and the extracted ventricular walls were cut
manually into pieces, followed by enzymatic digestion (DMEM glutamax, 33% papain (Worthington 3126), 17% DNase at 10 mg/mL,
42% cysteine 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
(equivalent of 2 ventricular walls per 25cm2 flask). Ependymal progenitors proliferated for 4-5 days until confluence, followed by
shaking (250rpm) overnight to remove contaminant cells (neurons, oligodendrocytes, etc.). The day after shaking, the flasks’ medium
was changed to warm serum-free DMEM glutamax 1% P/S to trigger ependymal cell differentiation for 2 days. At this time point,
cells at all stages of cell cycle or ependymal differentiation are present in the flask. 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
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labeled using a cell surface protein labeling strategy following manufacturer’s instructions (https://assets.ctfassets.net/an68im79xiti/
5KATNbZdTOam8A0yq6KyC2/f3e0479ff7b1c1633e6ddf8959a88a3b/CG000149_DemonstratedProtocol_CellSurfaceProteinLabeling_
Rev_A.pdf), using TotalSeq hashtag antibodies (BioLegend). However, the efficiency of the cell hashing did not allow to unambiguously
separate cells coming from different animals and was therefore not used in downstream analysis. Cell suspensions were passed
through a 40 pm Flowmi cell strainer (BelArt) and cell concentrations 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 3' v3.1 protocol (10X Genomics). Sequencing was performed on an lllumina NextSeq
500 sequencing machine following manufacturer’s instructions, on a high Flowcell, using the following sequencing cycles: 28b for
read 1, 55b for read 2, 8b for index.

Adenovirus infections

The following adenovirus gene expression systems were ordered and packaged by VectorBuilder: pAV[Exp]-CMV>EGFP (control
eGFP), pAV[Exp]-CMV>Myc/mFbxo5 (EMI1, tagged with myc in N-terminal, under the control of CMV), pAV[Exp]-mCherry-
CMV>HA/mCcne2 and pAV[Exp]-mCherry-CMV>HA/mCcna2 (CCNE2 or CCNA2, tagged with HA in N-terminal, under the control
of CMV in a vector also expressing mCherry). Mouse F box5 (Emi1) mRNA (NM_025995.2), Ccne2 mRNA (NM_001037134.2) and
Ccna2 mRNA (NM_009828.3) references were used.

For adenovirus infections, ependymal cell cultures were performed as described above, although cells were plated on Poly-L-
lysine (PLL)-coated 12mm coverslips in 24-well plates after tissue dissociation. After 2 days of in vitro differentiation (DIV2), adeno-
virus infections were performed by adding the adenovirus crude lysates to differentiating multiciliated progenitors (500 MOI for single
infections, 500 MOI each for co-infection with 2 viruses) for 4h, shaking every hour for optimal infection. Cells were washed with pre-
warmed 0.5% FBS-DMEM, and infected cells were kept in culture for 20h or 92h under serum-starved condition with 0% FBS-
DMEM. The cells were then fixed and subjected to analysis according to days post infection (DPI).

Immunostainings and EdU incorporation stainings

EdU was added after 4h of viral infection, immediately after virus wash-out. Cell cultures were fixed 24h or 96h post-infection
(20h or 90h EdU incorporation) in paraformaldehyde (PFA 4%) at 4°C for 10 min, then pre-blocked in saturation buffer (PBS 1X
with 0.2% Triton X-100 and 10% FBS). Primary antibody immunostaining was performed for 1h at room temperature in the
saturation buffer. When needed, EdU incorporation was labeled using the ThermoFisher Click-iT EdU Imaging Kit (catalog
#C10337) following manufacturer’s recommendations. Cells were then washed in PBS and secondary antibody staining per-
formed for 1h at room temperature in the saturation buffer. Cells were mounted in DAPI Fluoromount (Southern Biotech).
The following antibodies were used: Rabbit anti-Histone 3 (pSer10; 1:100; 9701, Cell Signaling), Mouse 1gG2b Monoclonal
Anti FOP (1:700; 2B1, Abnova Corporation), Mouse IgG1 Monoclonal Anti Polyglutamylation Modification (GT335) (1:700;
AG-20B-0020, AdipoGen), Rabbit Anti-HA Antibody (1:400; 3724, Cell Signaling), Mouse IgG1 Anti-Nuclear Pore Complex Pro-
teins Monoclonal Antibody (Mab414) (1:2500; MMS-120P-100, Eurogentec), Rat Anti-tyrosinated tubulin (YL1/2) (1:200; ab6160,
Abcam), Mouse IgG2b Anti-Actin Antibody (C4) (1:200; MAB1501; Millipore), and species-specific Alexa Fluor secondary anti-
bodies (1:400; Invitrogen).

Computational analyses

Pre-processing of scRNAseq of in vitro differentiating multiciliated cells

Fastq file demultiplexing, barcode processing, gene counting, and aggregation were made using the Cell Ranger software 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.

Batch correction, dimensionality reduction, clustering

Batch correction and replicate merging was performed using fast MNN correction from batchelor package, using only marker genes
identified in either one of the replicates using scran package. For visualization, UMAP embedding was performed using 50 dimen-
sions from the corrected PCA; the embedding was performed several times with a changing seed and a representative 2D projection
of the dataset was used. Cell clustering was performed on the dataset embedded in an SNN graph (k = 5 neighbors), using the Lou-
vain algorithm from igraph.

Cell annotation

Clusters were manually annotated using cell markers identified in previous studies, and annotations were validated using automated
annotation transfer (relying on SingleR package) from a reference collection of 358 bulk RNA-seq profiles of sorted cell populations.
Gene annotation

Genes in any given cell cluster were annotated as expressed as long as they had alog-normalized expression greater than 0.5 in more
than 20% of the cells within the cell cluster. Genes differentially expressed between cell populations were identified using the “find-
Markers” function from the scran package. Any gene with an expression fold-change greater than 1.5 between two cell clusters was
considered enriched in the cluster with the greatest expression.
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Cluster stability

Cluster stability was estimated by clustering 80% randomly sampled cells from the original dataset 30 times independently and
comparing the clustering of each cell to the original clustering.

Cell cycle phase annotation

Putative cell cycle phases were transferred from a recent scRNAseq dataset of proliferating neural stem cells with annotated cell cy-
cle phases (O’Connor et al., 2021,"") using SingleR. GO, G1 and Late G1 labels were collapsed to a single “G1” label.

Trajectory analysis

Trajectory and pseudotime inferences were performed using PCA embedded data with slingshot, specifying start (proliferating pro-
genitors) 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 slingshot-inferred trajectory was modeled using a generalized additive
model. For visualization of the continuous expression of many variable genes along the slingshot-inferred trajectory (e.g., in Fig-
ure S2C), genes were first clustered using k-medoids then seriated using the spectral method from the seriation package.

GO enrichment analysis

GO over-representation analysis was conducted for individual gene sets using the gprofiler2 package.

Combined analysis of cycling progenitors and deuterosomal cells

Combined sub-processing of both cycling progenitor cells and all the deuterosomal cells was done by performing batch correction
and replicate merging on the aggregated subsets of cells, using a large set of cell cycle-related genes obtained from GO mouse anno-
tation database. For visualization, UMAP embedding was performed using 50 dimensions from the corrected PCA; the embedding
was performed several times with a changing seed and a representative 2D projection of the dataset was used. Cell sub-clustering
was performed using the same strategy as that used in the complete dataset (see hereinabove). The number of nearest cycling pro-
genitor (deuterosomal) neighbors for deuterosomal cells (progenitors) (from zero to five) was calculated within the five nearest neigh-
bors identified using Euclidean distance between pairs of cells embedded in corrected PCA space. This was performed either on the
real cycling progenitors and deuterosomal merged dataset, or on a dataset containing real cycling progenitor cells and simulated
uncorrelated cells, using the splatter package.

Identification of angular progression of cycling and deuterosomal cells: Independent sub-processing of either the cycling progen-
itor cells (n = 759) or all the deuterosomal cells (n = 2911) was done by performing batch correction and replicate merging on each cell
subset, using the cell cycle-annotated genes or the combined oscillatory and transiently expressed gene sets, respectively. The cir-
cular cell trajectories in the resulting corrected PCA embedding, depicted as a black line in Figure 3, were computed for each subset
of cells using a smoothed spline passing by the center of mass of each of twelve angular bins equally distributed around the origin of
the two first PCA dimensions. The angular progression of each cell along this circular cell trajectory, bound between 0 and 27, was
then defined as the angle between the origin placed at (0, 1) and the cell itself, in the clockwise direction. These angular progression
scores were shifted (modulo 27) in order for the 0 to align with the beginning of the cell cycle for cycling progenitors or with the begin-
ning of the early deuterosomal cell population for deuterosomal cells. Continuous gene expression along the angular progression of
either cycling progenitors (“cell cycle”) or deuterosomal cells (“MCC cell cycle variant”) was modeled using a generalized additive
model using the tradeSeq package. Genes with a varying expression along either progenitor or deuterosomal cell circular trajectories
were identified using the associationTest from the tradeSeq package as genes with a fold-change greater than 2 and a p-value lower
than 0.01.

RNA velocity analysis

RNA velocity was calculated using the “dynamic” mode from scvelo software and for visualization, the RNA velocity vector field was
embedded in UMAP projection of the dataset using velociraptor package. Individual RNA velocity vectors were decomposed in
normal and tangential components using a coordinate plane orthogonal to each cell’s angular progression.

Gene-cyclin correlation analysis

The pairwise Spearman correlation scores for the expression between any gene and any individual cyclin was computed. Any cor-
relation score greater than 0.3 (with an associated p-value lower than 0.01) was then used to compute a correlation network with four
nodes corresponding to each cyclin. Non-redundant sets of cyclin-coordinated genes were built by associating each gene to its most
correlated cyclin.

scRNAseq analysis of mouse brain during embryonic development (in vivo)

In vivo single-cell RNA-seq data of the brain during mouse embryonic development was retrieved from La Manno et al., 20212
(https://storage.googleapis.com/linnarsson-lab-loom/dev_all.loom). Glial pre-annotated cells older than E16 were extracted and
batch effects associated with “batch”, “replicate”, “age” and “ChiplD” annotations were regressed out using regressBatches
correction from batchelor package, using only marker genes identified in any of the replicates using scran package. For visualization,
UMAP embedding was performed using 50 dimensions from the corrected PCA; the embedding was performed several times with a
changing seed and a representative 2D projection of the dataset was used. Pre-existing cell clustering was used to re-annotate cell
types and cell types irrelevant for this study (neuroblasts, oligodendrocytes, sub-commissural cells, hypendemal cells and Pdlim4+
cells) were removed. Cell re-clustering was performed on the remaining cells embedded in an SNN graph (k = 5 neighbors) using the
Louvain algorithm from igraph, and clusters were manually annotated using MCC differentiation markers. Putative cell cycle phases
were annotated using Seurat. Genes in any given cell cluster were annotated as expressed as long as they had a log-normalized
expression greater than 0.5 in more than 10% of the cells within the cell cluster.
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Independent sub-processing of deuterosomal cells was done by re-embedding deuterosomal cells only in a PCA dimensional
space. The same approach describe hereabove was then used to compute a circular cell trajectory and to model continuous
gene expression along the angular progression of deuterosomal cells.
scRNAseq analysis of mouse tracheal embryonic cells (in vitro)

Single-cell RNA-seq data of mouse tracheal embryonic cells in air-liquid interface (ALI) culture for 3 days was obtained from Ruiz-
Garcia et al., 2019'° (GEO accession ID: GSM3439924). Empty cells (detected by emtpyDrops from DropletUtils) were filtered out
and only protein-coding genes were retained. The dataset was embedded in a lower PCA 50-dimension space with removed tech-
nical noise, using denoisePCA function from the scuttle package. Cell clustering was performed on cells embedded in an SNN graph
using the Louvain algorithm from igraph, and clusters were manually annotated using MCC differentiation markers as well as markers
for other cell types commonly found in respiratory tracts. Putative cell cycle phases were annotated using Seurat. Genes in any given
cell cluster were annotated as expressed as long as they had a log-normalized expression greater than 0.5 in more than 20% of the
cells within the cell cluster.

scRNAseq analysis of human airway embryonic cells (in vitro)

Pre-processed data of single-cell RNA-seq dataset of the human airway epithelial cells in air-liquid interface (ALI) culture for 28 days
(Ruiz-Garcia et al., 2019, '® GEO accession ID: GSM3439922) was provided by the authors. Only protein-coding genes were retained.
Cell clusters, annotations and embeddings in PCA or t-SNE provided by the authors were used. Putative cell cycle phases were an-
notated using Seurat. Genes in any given cell cluster were annotated as expressed as long as they had a log-normalized expression
greater than 0.5 in more than 10% of the cells within the cell cluster.

scRNAseq analysis of human airway epithelial cells (in vivo)

Pre-processed data of a 500K single-cell RNA-seq dataset of human airway epithelial cells (HLCA: Human Lung Cell Atlas) (Sikkema et al.
20232%) was recovered from Cellxgene (https://cellxgene.cziscience.com/collections/6f6d381a-7701-4781-935¢-db10d30de293).

1,004 pre-annotated deuterosomal cells were extracted and further processed. Putative cell cycle phases were annotated using

Seurat. The same approach describe hereabove was then used to compute a circular cell trajectory and to model continuous cyclin
expression along the angular progression of deuterosomal cells.
scRNAseq analysis of human spermatogenesis (in vivo)
Single-cell RNA-seq data of human adult spermatogenesis was obtained from Guo et al., 2018° (GEO accession ID: GSE112013).
Cell annotations were retrieved from UCSC (https://cells.ucsc.edu/testis/meta.tsv) and irrelevant cells (endothelial cells, Sertoli cells,
macrophages) were filtered out. Only protein-coding genes were retained. Batch effects associated with “donor” annotations were
removed using fastMNN correction from batchelor package, using the 10% most variable genes. For visualization, t-SNE embedding
was performed using 50 dimensions from the corrected PCA; the embedding was performed several times with a changing seed and
arepresentative 2D projection of the dataset was used. Trajectory and pseudotime inferences were performed using PCA embedded
data with slingshot, specifying start and end clusters to orientate the trajectory. Continuous gene expression along the slingshot-
inferred trajectory was modeled using a generalized additive model.

QUANTIFICATION AND STATISTICAL ANALYSIS

When summarizing gene expression using point-range representation (e.g., Figure S4), Each point represents the mean value of the
dataset, while the range extends to represent the mean + two standard deviations.

When performing differential gene expression analysis (e.g., Figures 2 and S4), genes differentially expressed between cell pop-
ulations were identified using the “findMarkers” function from the scran package. Any gene with an expression fold-change greater
than 1.5 between two cell clusters was considered enriched in the cluster with the greatest expression, and consequently was
labeled with a star *.

When performing GO over-representation analysis (e.g., Figures S3 and 4), BH-corrected p-values were computed for individual
gene sets using the gprofiler2 package.

When comparing proportions of cells (e.g., Figures 5 and S7), the p-values are calculated using Fisher’s exact tests, and summa-
rized as follows: * = p-value <0.05, ** = p-value <0.01, *** = p-value <0.001.

When boxplot representation is used (e.g., Figures 5 and S7), each boxplot shows the median (horizontal line inside the box), the
interquartile range (IQR; represented by the height of the box, spanning from the 25th to the 75th percentile), and potential outliers.
The “whiskers” extend from the box to the smallest and largest values within 1.5 times the IQR from the lower and upper quartiles,
respectively.

Other statistical analyses, in particular for scRNAseq investigation, are described in the relevant subsections of the “Computational
analyses” subsection of the STAR Methods.
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