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SUMMARY

Multiciliated cells (MCCs) bear numerous motile cilia that drive fluid flow, but how numerous centrioles for

multiciliation are generated has remained unresolved. Here, we report that the ‘‘master’’ MCC transcriptional

regulator, MCIDAS, moonlights in the cytoplasm to organize massive centriole biogenesis. Like MCIDAS, its

co-transcriptional factors, E2F4 and E2F5, also undergo cytoplasmic accumulation, colocalizing with

MCIDAS and forming procentrioles. MCIDAS loss inhibited E2F4/5 cytoplasmic accumulation and blocked

centriole assembly. Furthermore, we show that the cytoplasmic accumulation of MCIDAS is mediated by

CRM1-dependant nuclear export, and its inhibition specifically compromised centriole biogenesis. By

contrast, on loss of parental centrioles and deuterosomes, which does not impair centriole formation,

E2F4 cytoplasmic localization remained unaffected, establishing that the MCIDAS-E2F4/5 cytoplasmic com-

plex represents the de novo centriole biogenesis pathway. We have also assembled a comprehensive list of

MCIDAS targets, a resource which will enable further exposition of MCC biology and pathological mecha-

nisms of motile ciliopathies.

INTRODUCTION

Multiciliated cells (MCCs) are specialized ciliated cells found in the

airways, brain ventricles, and reproductive organs, where meta-

chronal beating of their dense ciliary arrays promotes mucus

clearance, circulation of cerebrospinal fluid (CSF), and gamete

transport, respectively.1 The importance of MCC function is best

exemplified by patients with the motile ciliopathy primary ciliary

dyskinesia (PCD) and its variant subtype, reduced generation of

multiple motile cilia (RGMC), who are afflicted with severe respira-

tory symptoms like bronchiectasis, are typically infertile, and can

also develop ventriculomegaly and hydrocephalus.2

Cell Reports 44, 116321, October 28, 2025 © 2025 The Author(s). Published by Elsevier Inc. 1
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

ll
OPEN ACCESS

http://creativecommons.org/licenses/by/4.0/
mailto:sudipto_roy@a-star.edu.sg
https://doi.org/10.1016/j.celrep.2025.116321
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2025.116321&domain=pdf
http://creativecommons.org/licenses/by/4.0/


The mechanistic basis of explosive centriole biogenesis,

which produces basal bodies for multiciliation during MCC dif-

ferentiation, has remained an enduring problem in cell biology.

Historically, two pathways have been postulated and experi-

mentally explored over the past several decades. The vast ma-

jority of centrioles were thought to be assembled on doughnut-

shaped organelles, the deuterosomes, that are peculiar to

MCC precursors.3–5 In addition, the parental centrioles have

also been implicated in templating a minor population of centri-

oles,6 akin to centriole duplication that occurs in cycling cells.

Surprisingly, recent studies have shown that the deuterosomes

as well as parental centrioles are dispensable for centriole ampli-

fication in MCCs, leading to the view that the process could be

organized entirely de novo.7–10 However, the details of this de

novo pathway have remained elusive.

The paralogous GEMININ family proteins, GMNC and

MCIDAS, act as ‘‘master’’ regulators of MCC development,

with GMNC required to specify MCC precursors and MCIDAS

acting downstream to promote MCC differentiation by activating

centriole biogenesis andmulticiliation genes.11SinceGMNCand

MCIDAS are coiled-coil-containing proteins, they are unable to

directly bind DNA. Instead, they regulate transcription by associ-

ating with the cell-cycle transcriptional regulators, E2F4 and

E2F5.12–15 Besides functioning in MCC transcription, E2F4 has

recently been shown to also exhibit a striking nuclear-cyto-

plasmic shift during MCC differentiation.16 In the cytoplasm, it

associates with the core deuterosomal protein, DEUP1,5 and

SAS6, an essential centriolar cartwheel component,17 suggest-

ing that it could represent an additional factor in centriole assem-

bly.16,18 Because deuterosomes and parental centrioles are

dispensable for centriole amplification, the significance of the

cytoplasmic accumulation of E2F4 has remained unresolved.

We now establish that in addition to its pivotal role in MCC-

specific transcription, intriguingly, MCIDAS also undergoes

cytoplasmic localization and is required for the cytoplasmic

accumulation of E2F4 and E2F5. We show that the cytoplasmic

localization of MCIDAS is mediated by CRM1-dependant nu-

clear export, and the cytoplasmic MCIDAS-E2F4/5 complex is

as an important mediator of massive de novo centriole biogen-

esis in MCCs. Thus, MCC differentiation is coordinated by inti-

mately coupled transcriptional and centriole biogenesis pro-

grams, through the nuclear-cytoplasmic translocation of the

key transcriptional regulator, MCIDAS.

RESULTS

E2F5 accumulates in cytoplasmic puncta in MCCs, in

the vicinity of forming procentrioles

Like E2F4, E2F5 can interact with DEUP1 and SAS6,18 implying a

role in MCC centriole biogenesis. To investigate this, we used

antibodies against human E2F5 and analyzed its subcellular

localization in differentiating airway MCCs derived from cultured

human embryonic stem cell (hESC) line H9. Briefly, hESCs were

differentiated sequentially into definitive endoderm and anterior

foregut endoderm, followed by sorting for lung progenitors.

Lung progenitors were grown into lung organoids and sorted

for basal cells, which were then grown in submerged transwells

to confluency, followed by culture at air-liquid interface (ALI) to

stimulate airway epithelium differentiation19,20 (Figures 1A–1C

and Video S1). We found that during initiation of MCC differenti-

ation, there was prominent E2F5 accumulation in the apical

cytoplasm, similar to E2F4 reported previously16 (Figure 1D).

Moreover, the E2F5 cytoplasmic puncta were observed in the

immediate vicinity of the centriolar component SAS6 as well

as E2F4 (Figures 1E and 1F). We validated the E2F5 antibodies

using MCC cultures derived from E2F5 mutant hESCs

(Figures S1A–S1F), where we failed to observe cytoplasmic

E2F5 (Figures 1G and S1G). Thus, like E2F4, E2F5 undergoes

cytoplasmic accumulation in differentiating MCCs, distributed

juxtaposed to forming procentrioles (marked by SAS6) and

E2F4, suggesting that it is indeed a part of the MCC centriole

biogenesis pathway.

MCIDAS is required for cytoplasmic accumulation of

E2F proteins in MCCs

We cultured MCCs from mouse tracheal epithelial cells (mTECs)

ofMcidasmutant mice as described before15 and monitored the

cytoplasmic accumulation of E2F4/5. Unlike cultures from wild-

type mice tracheae, where cytoplasmic E2F4/5 foci could be

readily detected, we failed to observe such accumulation inMci-

das mutant mTECs (Figures 2A–2D). Using gene editing in

hESCs, we also generated a mutation in human MCIDAS, an

8 bp homozygous deletion predicted to produce a highly trun-

cated protein (Figures S2A–S2D). While wild-type cells readily

produced MCCs, MCIDAS mutant hESCs failed to do so,

mimicking the phenotype of MCIDAS loss reported from mice

and PCD patients15,21 (Figures S2E and S2F). Ciliary transcrip-

tion factors like FOXJ1, RFX2, and RFX3 were expressed but

were observed in fewer cells, and their levels appeared lower

(Figures S2E–S2K). We again failed to detect the cytoplasmic

accumulation of E2F4 and E2F5 (Figures 2E–2J). This defect

could arise from several possibilities: (1) E2F gene transcription

and/or expression and stability of the E2F proteins could be

impaired on MCIDAS loss, (2) MCIDAS could induce expression

of one or more proteins that facilitates E2F4/5 cytoplasmic accu-

mulation, or (3) MCIDAS could more directly regulate E2F4/5

cytoplasmic accumulation since it associates with them for tran-

scriptional regulation. Because E2F4/5 expression is not

affected by MCIDAS loss (see Figures S3A–S3D for nuclear

E2F4/5 expression in Mcidas mutant mTECs at ALI day 0;

Figures S3E and S3G for E2F4 protein analysis inMcidasmutant

mTECs; Table S1 for E2f4/5 mRNA expression analysis by RNA

sequencing [RNA-seq] of Mcidas mutant mTECs as well as the

discussion section) and the identification of any MCIDAS target

that could facilitate their cytoplasmic accumulation will require

extensive functional interrogation of MCIDAS target genes, we

investigated whether MCIDAS itself undergoes nuclear-cyto-

plasmic translocation during MCC differentiation and thereby fa-

cilitates the cytoplasmic accumulation of the E2F proteins.

MCIDAS accumulates in the cytoplasm during MCC

differentiation

Although previous studies have reported the use of two different

antibodies against MCIDAS, the subcellular expression pattern

and dynamics of the endogenous protein during MCC develop-

ment have not been analyzed. The antibody generated in-house
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by the Lygerou group22was notmade available to us. A commer-

cially produced antibody reported by Boon et al.21 is likely to be

non-specific: while Boon et al. have reported migration of

MCIDAS at around 38 kDa using this antibody (the predictedmo-

lecular weight of MCIDAS), we and others have consistently

found that overexpressed as well as endogenous MCIDAS mi-

grates at around 70 kDa (possibly due to post-translational mod-

ifications, such as phosphorylation, of the protein [see Ma

et al.,12 Lu et al.,15 Arbi et al.,23 and this study]). Not surprisingly,

we failed to detect endogenousMCIDASwith this antibody in our

hESC-derived MCC cultures. To overcome this limitation, we

used CRISPR/Cas9-mediated knockin to introduce triple hem-

agglutinin (3×HA) epitope tag in frame with the N terminus of

MCIDAS in H9 hESCs (immediately after the start codon;

hereafter referred to as HA-MCIDAS) (Figures S4A–S4E). We en-

gineered the HA tag at the N terminus because the C terminus

of GMNC and MCIDAS is vital for interaction with the E2F

proteins12,13,15 (see Figure S4F for validation of HA-tagged

MCIDAS protein). It is unlikely that the tag disruptedMCIDAS ac-

tivity, as a single HA tag placed at a similar position does not

affect interaction with E2F4/5 or the ability to rescueMCC forma-

tion in Mcidas mutant mTECs.15 At the start of MCC differentia-

tion, we found an exclusively nuclear localized HA-MCIDAS

signal (Figures 3A and 3A′). However, subsequently, when pro-

centriole biogenesis began, prominent puncta of HA-MCIDAS

accumulated in the cytoplasm, with a concomitant decline in nu-

clear intensity (Figures 3B, 3B′, and 3G). The cytoplasmic and

nuclear HA signals were found in two discrete subcellular loca-

tions: nuclei were located basally, while the cloud of cytoplasmic

HA was more apically distributed (Figures 3A, 3A′, 3B, and 3B′),

similar to E2F5 (see above) and E2F4.16 With further progress in

MCC differentiation, the cytoplasmic staining disappeared and

was not detectable in maturing MCCs (Figures 3C, 3C′, and 3G).

GMNC localizes exclusively to nuclei of differentiating

MCCs

As introduced before, GMNC and MCIDAS are paralogous pro-

teins that are hierarchically deployed in MCC-specific transcrip-

tional regulation.13,24,25 However, like MCIDAS, endogenous

localization of GMNC during MCC differentiation has also not

Figure 1. E2F5 accumulates in cytoplasmic puncta in differentiating MCCs, closely associated with centriolar proteins

(A) H9 hESC differentiation protocol into airway epithelial cells. ESC: embryonic stem cell; DE: definitive endoderm; AFE: anterior foregut endoderm; ALI: air-liquid

interface.

(B) Differentiated hESC cultures contained MCCs (acetylated tubulin [Ace-tub], arrows) and mucus producing cells (MUC5AC, arrows). Scale bar: 5 μm.

(C) Differentiated hESC cultures contained MCCs (Ace-tub, arrows) and secretory club cells (UTEROGLOBIN [aka SCGB1A1], arrows). Scale bar: 5 μm.

(D) E2F5 cytoplasmic puncta (arrows) in MCCs. MCCs were identified using FOXJ1 staining (arrows). Scale bar: 5 μm.

(E) E2F5 cytoplasmic puncta (arrows) in the vicinity of SAS6 (arrows). Colocalization (white signal) is indicated in merged panel (arrow). Scale bar: 5 μm.

(F) E2F5 (arrows) and E2F4 (arrows) cytoplasmic puncta in close proximity. Scale bar: 5 μm.

(G) E2F5 cytoplasmic puncta were absent from MCCs derived from E2F5mutant (E2F5 KO) hESCs. MCCs were identified using FOXJ1 staining (arrows). Scale

bar: 5 μm.

4′,6-diamidino-2-phenylindole (DAPI) was used to highlight nuclei (blue) in (B)–(G).
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Figure 2. MCIDAS is required for cytoplasmic accumulation of E2F4/5

(A) Cytoplasmic E2F4 puncta (arrows) in differentiating MCCs derived from wild-type mTECs. MCCs were identified using acetylated tubulin staining (Ace-tub,

arrows). Scale bar: 5 μm.

(B) Absence of cytoplasmic E2F4 in MCCs derived from Mcidas mutant (mMci KO) mTECs. Acetylated tubulin (Ace-tub) staining revealed absence of multicilia.

Scale bar: 5 μm.

(C) Cytoplasmic E2F5 puncta (arrows) in MCCs derived from wild-type mTECs. MCCs were identified using FOXJ1 staining (arrows). Scale bar: 5 μm.

(D) Absence of cytoplasmic E2F5 in MCCs derived fromMcidasmutant (mMci KO) mTECs. MCCs were identified using FOXJ1 staining (arrows). Scale bar: 5 μm.

(E) Cytoplasmic E2F4 puncta (arrows) in MCCs derived from wild-type hESCs. MCCs were identified using acetylated tubulin (Ace-tub, arrows) staining. Scale

bar: 5 μm.

(F) Absence of E2F4 cytoplasmic puncta in MCCs derived from MCIDAS mutant (hMCI KO) hESCs. Acetylated tubulin (Ace-tub) staining revealed absence of

multicilia formation. Scale bar: 5 μm.

(G) Cytoplasmic E2F5 puncta (arrows) in MCCs derived from wild-type hESCs. MCCs were identified using FOXJ1 staining (arrows). Scale bar: 5 μm.

(H) Absence of cytoplasmic E2F5 puncta in MCCs derived from MCIDAS mutant hESCs. MCCs were identified using FOXJ1 staining (arrows). Scale bar: 5 μm.

DAPI was used to highlight nuclei (blue) in (A)–(H).

(I) Percentage of cells showing cytoplasmic E2F4 in wild type and MCIDAS mutant (hMCI KO) MCCs. 3 biological replicates; 8 random microscope fields from

each replicate (wild type: 50/62, 39/43, 50/64; MCIDAS mutant:1/19, 1/21, 0/29); ****p < 0.0001.

(J) Percentage of cells showing cytoplasmic E2F5 in wild type and MCIDAS mutant (hMCI KO) MCCs. 3 biological replicates; 9 random microscope fields (wild

type: 43/51, 41/44, 48/64;MCIDAS knockout: 1/31, 0/27, 2/57); ***p = 0.0001. Unpaired, two-tailed Student’s t-test was used to compare quantitative analyses.

***p < 0.001.
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been documented.We also engineered the 3×HA tag at the N ter-

minus of GMNC in H9 cells (after the first 3 amino acids; hereafter

referred to as HA-GMNC; Figures S5A–S5F) and monitored local-

ization of the protein during MCC differentiation (like MCIDAS, we

have shown earlier that such an N-terminal tag does not compro-

mise GMNC function15). Unlike HA-MCIDAS, HA-GMNC re-

mained exclusively nuclear localized (Figures 3D, 3D′, 3E, and

3E′) and disappeared from maturing MCCs (Figures 3F and 3F′).

Bioinformatic analysis of mouse and human MCIDAS revealed

putative nuclear export sequences (NESs) (two in mouse and

three in the human protein; Figures S6A–S6C), as well as a nucle-

olar localization sequence (NoLS) in humanMCIDAS (Figure S6D;

there seems to be a NoLS inmouseMCIDAS as well, but it did not

cross the significance level in our analysis). The presence of a

NoLS in place of a nuclear localization sequence (NLS) suggests

that the former may possess a nuclear localization function.26 In

contrast to MCIDAS, for GMNC, we could only identify an NLS

in both the human and the mouse protein, but no NES

(Figure S6E). Machine learning classification by NESmapper27

and 3D structure modeling of MCIDAS NES top motifs suggest

that they are helix leucine-rich motifs of the class 1a/b types

that can bind to the exportin CRM1 for nuclear export

(Figures S6B and S7A–S7D).

Cytoplasmic MCIDAS clusters in the vicinity of and

colocalizes with E2F4, E2F5, and centriolar proteins

We next analyzed the distribution of centriolar biogenesis

proteins and core centriolar components vis-a-vis cytoplasmic

Figure 3. MCIDAS accumulates in the cytoplasm during MCC differentiation

(A) Exclusively nuclear-localized HA signal (HA-MCI, arrow) in a differentiating MCC derived from HA-MCIDAS knockin hESCs. MCCs were identified using

FOXJ1 staining (arrow). Scale bar: 5 μm. (A′) Diagram illustrating nuclear HA-MCIDAS (magenta) and FOXJ1 (green).

(B) Prominent cytoplasmic HA puncta (HA-MCI, arrows) in anMCCderived fromHA-MCIDAS knockin hESCs.MCCswere identified using FOXJ1 staining (arrow).

Scale bar: 5 μm. (B′) Diagram illustrating cytoplasmic HA-MCIDAS (magenta) and nuclear FOXJ1 (green).

(C) Cytoplasmic HA staining was undetectable in MCC derived from HA-MCIDAS knockin hESCs. MCCs were identified using FOXJ1 staining (arrow). Scale bar:

5 μm. (C′) Diagram illustrating nuclear FOXJ1 (green).

(D and E) Exclusively nuclear-localized HA signal (HA-GMNC, arrows) in MCCs derived from HA-GMNC knockin hESCs. MCCs were identified using FOXJ1

staining (arrows). Scale bars: 5 μm. (D′ and E′) Diagrams illustrating nuclear HA-GMNC (magenta) and FOXJ (green).

(F) Nuclear HA staining was strongly reduced (arrow) in an MCC derived from HA-GMNC knockin hESCs. MCCs were identified using FOXJ1 staining (arrow).

Scale bar: 5 μm.

(F′) Diagram illustrating remnant nuclear HA-GMNC (magenta) and FOXJ1 (green).

DAPI was used to highlight nuclei (blue) in (A)–(F).

(G) Percentage of cells showing cytoplasmic HA-MCIDAS in ALI day 1, 3, and 7. 3 biological replicates; 10 randommicroscope fields from each replicate (ALI day

1: 0/21, 0/34, 1/46; ALI day 3: 27/43, 47/67, 25/30; ALI day 7: 0/57, 1/63, 0/48). ALI day 1 vs. ALI day 3 ***p = 0.0003, ALI 3 vs. ALI day 7 ***p = 0.0003. Unpaired,

two-tailed Student’s t-test was used to compare quantitative analyses. ***p < 0.001.
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HA-MCIDAS. We first examined E2F4 and E2F5 and found a sig-

nificant proximity, including overlap, in the distribution between

these two E2F proteins and cytoplasmic HA-MCIDAS puncta

(Figures 4A and 4B). In addition, we analyzed DEUP1 and PCM1

(a component of the centriolar satellites) and also other centriolar

and pericentriolar material proteins like SAS6, CENTRIN, PCNT,

and γ-tubulin. Since many of these proteins have already been

shown to accumulate close to or to colocalize with cytoplasmic

E2F416 and E2F5 (this study), we expected to see a similar pattern

with HA-MCIDAS as well. Accordingly, we found that all these

proteins accumulated in the vicinity or colocalized with HA-

MCIDAS (Figures 4C–4H), supporting the notion that cytoplasmic

MCIDAS could facilitate centriole biogenesis in MCCs.

MCIDAS loss blocks initiation of centriole biogenesis

We have previously reported that in the absence of MICDAS,

MCC precursors are specified, but they fail to generate multiple

basal bodies.15 Consistent with this, we had demonstrated that

Deup1 expression was markedly reduced and DEUP1-positive

deuterosome numbers were also significantly less.15 To further

define the precise defect in centriole biogenesis, we investigated

the status of PCM1 and SAS6. PCM1 is a centriolar satellites

protein, which is also a component of the fibro-granular material

but is not itself essential for MCC centriole biogenesis,28–30while

SAS6 is the essential seeding component for procentriole forma-

tion and constitutes the cartwheel structure around which the 9

triplet microtubule blades of the procentriole are assembled.17,31

Figure 4. Cytoplasmic MCIDAS accumulates in the vicinity of and colocalizes with E2F proteins and other centriolar components

(A) E2F4 (arrows) colocalized (white signal in merged panel, arrows) with cytoplasmic HA-MCIDAS (HA-MCI, arrows) in differentiating MCCs derived from HA-

MCIDAS knockin hESCs. Scale bar: 5 μm.

(B) E2F5 (arrows) colocalized (white signal in merged panel, arrow) with cytoplasmic HA-MCIDAS (HA-MCI, arrows) in MCCs derived from HA-MCIDAS knockin

hESCs. Scale bar: 5 μm.

(C) DEUP1 (arrows) clustered in the vicinity of cytoplasmic HA-MCIDAS (arrows) in MCCs derived from HA-MCIDAS knockin hESCs. Scale bar: 5 μm.

(D) PCM1 (arrows) colocalized (white signal in merged panel, arrows) with cytoplasmic HA-MCIDAS (arrows) in MCCs derived from HA-MCIDAS knockin hESCs.

Scale bar: 5 μm.

(E) SAS6 (arrows) clustered in the vicinity of cytoplasmic HA-MCIDAS (arrows) in MCCs derived from HA-MCIDAS knockin hESCs. Scale bar: 5 μm.

(F) CENTRIN (arrows) colocalized (white signal in merged panel, arrows) with cytoplasmic HA-MCIDAS (arrows) in MCCs derived from HA-MCIDAS knockin

hESCs. Scale bar: 5 μm.

(G) PCNT (arrows) colocalized (white signal in merged panel, arrow) with cytoplasmic HA-MCIDAS (arrows) in MCCs derived from HA-MCIDAS knockin hESCs.

Scale bar: 5 μm.

(H) γ-tub (arrows) clustered in the vicinity of cytoplasmic HA-MCIDAS (arrows) in MCCs derived from HA-MCIDAS knockin hESCs. Scale bar: 5 μm.

DAPI was used to highlight nuclei (blue) in (A)–(H).
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We observed that the cytoplasmic accumulation of both

these proteins was almost undetectable on MCIDAS loss

(Figures 5A–5J), indicating an impairment at the inception of

centriole assembly. While Pcm1 expression was unaffected by

the loss of MCIDAS (Table S1), there was a slight reduction in

Sass6 transcription, but protein levels appeared unaffected

(Table S2; Figures S3F and S3G). Thus, as argued above for

the E2F proteins, our inability to detect PCM1 and SAS6 in

MCIDAS-deficient cells by immunofluorescence is unlikely to

arise from an effect on their expression, but rather from their fail-

ure to undergo MCIDAS-dependent cytoplasmic accumulation.

Nuclear export of MCIDAS is necessary for centriole

amplification

To establish that the inability ofMCIDASmutantMCCprecursors

to amplify centrioles arises not only from dampening of the MCC

transcriptional program but also from a failure to nucleate

centriole assembly by cytoplasmic MCIDAS, we next manipu-

lated its nuclear export. We overexpressed wild-type human

MCIDAS in HEK293T cells and found both nuclear and cyto-

plasmic localization (Figure S8A). However, on treatment with

leptomycin B, a specific inhibitor of CRM1-dependent nuclear

export,32 overexpressed MCIDAS was exclusively nuclear

(Figure S8B). Leptomycin B also inhibited the cytoplasmic accu-

mulation of HA-tagged endogenous MCIDAS in differentiating

hESC-derived MCCs (Figures 6A and 6B).

To establish the functionality of the MCIDAS NES motifs, we

mutated the second of the three leucines (L238) in the second

NES to aspartic acid (D238) and examined the MICDAS localiza-

tion in 293T cells.We selected the secondNES since the first and

the second NESs are conserved in mouse as well as human

MCIDAS, and the second NES was associated with a higher

score in our NES prediction analysis (Figures S6A–S6C). Similar

to the effect of leptomycin B, we found that the L > D mutant

version was exclusively nuclear localized (Figure S8C). Overex-

pression of GMNC and MCIDAS in HEK293T cells can induce

theMCC gene expression signature.13,15Hence, using Quantita-

tive reverse-transcription PCR (RT-qPCR), we analyzed the in-

duction of well-established MCIDAS target genes—FOXJ1,

CCNO, CDC20B, and DEUP1—and found that on leptomycin

B treatment as well as mutation of the NES, MCIDAS remained

transcriptionally competent (Figure S8D). We then investigated

if inhibition of nuclear export could impair centriole biogenesis

by treating wild-type mTEC cultures with leptomycin B. Lepto-

mycin Bwas administered at the end of ALI day 1 andmaintained

till the end of ALI day 2.5, when the cells were fixed for immuno-

staining. In controls, we noted a large number of RFX2-positive

MCC precursors with a cloud of cytoplasmic SAS6 staining

signifying centriole amplification (Figures 6C and 6G). By

contrast, in leptomycin B-treated cultures, most RFX2-positive

cells were devoid of cytoplasmic SAS6 (Figures 6D and 6G).

We noted, however, that RFX2-positive MCC precursors were

also reduced on leptomycin B treatment (Figure 6D). Since lep-

tomycin B is a generic inhibitor of nuclear export, nuclear-cyto-

plasmic translocation of many other proteins is likely affected,

which could result in this effect.

To more incisively dissect the cytoplasmic function of

MCIDAS, we used lentivirus-mediated overexpression of wild-

type and the L > D mutant in Mcidas mutant mTECs to assess

their abilities to promote centriole amplification and rescue

MCC formation (Figures S8E and S8F). Using this strategy,

we have previously shown that overexpression of wild-type

MCIDAS can induce supernumerary MCCs in wild-type mTEC

cultures and effectively rescue MCC formation in the Mcidas

mutant.15 Wild-type MCIDAS overexpression induced high

levels of RFX2, and these cells were associated with a

cloud of cytoplasmic E2F4, signifying centriole amplification

(Figures 6E, 6H, and S8E). By contrast, even though L >Dmutant

MCIDAS induced high levels of RFX2 expression, cytoplasmic

E2F4 was never observed (Figures 6F, 6H, and S8F). Further-

more, in line with our previous work,15 while wild-type MCIDAS

restored MCC formation, L > D mutant MCIDAS failed to do so

(Figures S8G and S8H). In sum, these findings provide strong

support for the requirement of cytoplasmic MCIDAS in centriole

biogenesis during MCC differentiation, independent of its role in

programming gene expression.

Cytoplasmic MCIDAS-E2F4/5 mediates de novo

centriole biogenesis in MCCs

To discern whether MCIDAS-E2F4/E2F5 complex is part of the

deuterosomal or parental centriole-dependent pathways or rep-

resents the de novo mechanism of centriole biogenesis, we

finally examined cytoplasmic E2F4 localization in differentiating

mouse ependymal MCCs devoid of deuterosomes and the

parental centrioles. As described previously,7 this was achieved

through the treatment of ependymal MCC precursors from

Deup1 mutant mice with centrinone, an inhibitor of PLK4, the

key kinase that initiates centriole biogenesis in proliferating cells

as well as in post-mitotic MCC precursors.33,34 We stained for

SAS6 to identify cells undergoing centriole amplification from

the earliest stages. We also stained for CEP164, a distal

appendage protein that is a marker of mature centrioles,35 to

identify cells bereft of parental centrioles. Consistent with our

observations with airway MCCs, we found that in ependymal

MCCs as well a cloud of E2F4 formed around the parental cen-

trioles, and SAS6-positive procentrioles localized within this re-

gion (Figure 7A), indicating that cytoplasmic accumulation of

the E2F proteins is a shared feature of MCC differentiation in

distinct epithelial lineages. In cells deprived of parental centrioles

and/or deuterosomes, where centriole amplification is unaf-

fected, procentrioles have been observed to emerge from a

PCNT-rich fibro-granular region.7 In centrinone-treated Deup1

mutant ependymal MCCs, we analyzed the following three situ-

ations: cells devoid of parental centrioles but containing deuter-

osomes, cells retaining parental centrioles but deprived of deu-

terosomes, and cells in which neither parental centrioles nor

deuterosomes were present. The E2F4 staining pattern was

indistinguishable among these three experimental conditions

and controls: in each instance, a cytoplasmic cloud of E2F4

was apparent and found to cradle the emerging procentrioles

(Figures 7B–7D). We conclude that while cytoplasmic accumula-

tion of E2F4 requires MCIDAS, it is independent of the parental

centrioles and deuterosomes. Importantly, because the cyto-

plasmic localization of E2F4 as well as MCIDAS is essential for

centriole amplification in MCCs (Mori et al.16 and this study),

these findings incriminate the cytoplasmic MCIDAS-E2F4/5
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Figure 5. Earliest stage of centriole biogenesis is inhibited in MCIDAS deficient MCC precursors

(A) PCM1 accumulation in the cytoplasm (arrows) of differentiating MCCs derived from wild-type mTECs. MCCs were identified using acetylated tubulin staining

(Ace-tub, arrows). Scale bar: 5 μm.

(B) PCM1punctawere undetectable inMCCs derived fromMcidasmutant (mMciKO)mTECs. Acetylated tubulin (Ace-tub) staining revealed absence ofmulticilia.

Scale bar: 5 μm.

(C) Cytoplasmic SAS6 (arrows) in MCCs derived from wild-type mTECs. MCCs were identified using acetylated tubulin staining (Ace-tub, arrows). Scale bar:

5 μm.

(D) Cytoplasmic SAS6 was undetectable inMCCs derived fromMcidasmutant mTECs. Acetylated tubulin (Ace-tub) staining revealed absence of multicilia. Scale

bar: 5 μm.

(E) Cytoplasmic PCM1 accumulation (arrows) in MCCs derived from wild-type hESCs. MCCs were identified using FOXJ1 staining (arrows). Scale bar: 5 μm.

(F) PCM1 was undetectable in MCCs derived from MCIDAS mutant hESCs. MCCs were identified using FOXJ1 staining (arrows). Scale bar: 5 μm.

(G) Cytoplasmic SAS6 (arrows) in MCCs derived from wild-type hESCs. MCCs were identified using RFX2 staining (arrows). Scale bar: 5 μm.

(H) SAS6 was undetectable in MCCs derived from MCIDAS mutant hESCs. MCCs were identified using RFX2 staining (arrows). Scale bar: 5 μm.

DAPI was used to highlight nuclei (blue) in (A)–(H).

(I) Percentage ofMCCs showing cytoplasmic PCM1 inwild type (mWT) andMcidasmutant (mMciKO)mTECs andwild type (hWT) andMCIDASmutant (hMCIKO)

hESCs. 3 biological replicates; 8 random microscope fields from each replicate (mWT: 31/99, 43/121, 36/71; mMci KO: 1/134, 2/161, 1/112; **p = 0.0017; hWT:

28/121, 36/101, 30/97; hMCI KO: 1/110, 2/124, 1/91; **p = 0.0015). Unpaired, two-tailed Student’s t-test was used to compare quantitative analyses. **p < 0.01.

(J) Percentage of MCCs showing cytoplasmic SAS6 in wild-type (mWT) andMcidas mutant (mMci KO) mTECs and wild-type (hWT) andMCIDAS mutant (hMCI

KO) hESCs. 3 biological replicates; 8 random microscope fields from each replicate (mWT: 53/108, 42/170, 35/89; mMci KO: 1/97, 4/121, 1/142; **p = 0.0068;

hWT: 32/145, 30/98, 22/79; hMCI KO: 2/103, 1/97, 1/141; ***p = 0.0006). Unpaired, two-tailed Student’s t test was used to compare quantitative analyses.

**p < 0.01 and ***p < 0.001.
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complex as an important mediator in organizing the de novo

pathway.

Whole transcriptomics sequencing of MCIDAS mutant

mTECs identifies its target genes

Delineating the spectrum of MCIDAS target genes will provide

further information regarding the mechanism of centriole ampli-

fication and multiciliation in MCCs. Toward this end, gene

expression profiles of Mcidas mutant mTECs at ALI days 0, 3,

and 5 were compared against the wild type to identify signifi-

cantly dysregulated genes (absolute log2-fold change > 1 and

adjusted false discovery rate [FDR] p value < 0.1) (Table S2).

The majority of dysregulated genes represent those that were

down-regulated in the mutant relative to the wild type, indicating

that MCIDAS functions mainly in transcriptional activation

(Table S2). 301 genes were down-regulated in both days 3 and

5 of differentiation. Among these, 276 genes showed sequential

down-regulation, which includes Mcidas as noted before,15

vindicating successful inactivation of the gene. 1,097 genes

(827 protein coding) showed significant down-regulation at

day 5, expression of which remained unchanged until day 3.

On the other hand, 18 genes were found to be significantly up-

regulated in both day 3 and day 5 (Table S2), among which 12

genes, including Gmnc, showed sequential up-regulation, again

following a trend observed previously.15 Notably, as mentioned

before, E2f4 and E2f5 did not exhibit significant changes in

expression on MCIDAS loss (Table S1).

Overexpression studies have been used in previous attempts

to determine the transcriptional landscape regulated by MCI-

DAS.12,14,36,37We compared our findings with two earlier studies

to gauge the extent of congruence: (1) Stubbs et al.,36 where

Mcidas was overexpressed in Xenopus embryos and gene

expression changes assessed with microarrays, and (2) Ma

et al.,12where Mcidas was again overexpressed in Xenopus em-

bryos, either alone or together with a dominant-negative version

of E2f4 (to mimic Mcidas loss), and RNA-seq was used to

examine gene expression changes. Among 95 genes up-regu-

lated after Mcidas overexpression (having mouse orthologs)

Figure 6. CRM1-mediated cytoplasmic

accumulation of MCIDAS is required for

centriole amplification in MCCs

(A) Cytoplasmic accumulation of HA-tagged

endogenous MCIDAS (arrows) in differentiating

hESC-derived MCCs. Scale bar: 5 μm.

(B) Leptomycin B caused nuclear retention of HA-

tagged endogenous MCIDAS (arrow) in hESC-

derived MCCs. Scale bar: 5 μm.

(C) Cytoplasmic accumulation of SAS6 (arrows) in

wild-type mTECs. MCCs were identified using

RFX2 staining (arrows). Scale bar: 5 μm.

(D) Cytoplasmic SAS6 was absent from MCCs on

leptomycin B treatment. MCCs were identified

using RFX2 staining (arrow). Scale bar: 5 μm.

(E) Lentivirus-mediated wild-type MCIDAS over-

expression rescued cytoplasmic E2F4 accumu-

lation (arrows) in Mcidas mutant mTECs. MCCs

were identified using RFX2 staining (arrows). Scale

bar: 5 μm.

(F) Lentivirus-mediated L > D mutant MCIDAS

overexpression failed to rescue cytoplasmic

E2F4 accumulation in Mcidas mutant mTECs.

MCCs were identified using RFX2 staining (ar-

rows). Scale bar: 5 μm.

DAPI was used to highlight nuclei (blue) in (A)–(F).

(G) Percentage of RFX2-positive mTECs showing

cytoplasmic SAS6 with and without leptomycin B

treatment. 3 biological replicates; 10 random mi-

croscope fields from each replicate (control: 89/

99, 66/84, 40/46; leptomycin B treatment: 3/41,

1/36, 2/52; ****p < 0.0001).

(H) Percentage of RFX2-positive Mcidas mutant

mTECs showing cytoplasmic E2F4 after lentivirus-

mediated overexpression of wild type or L > D

mutant MCIDAS. 2 biological replicates; 10

random microscope fields from each replicate

(control: 0/46, 1/53; wild-type MCIDAS lentivirus-

infected cells: 36/64, 61/78; L > Dmutant MCIDAS

lentivirus-infected cells: 0/46, 1/56. Control vs.

wild-type MCIDAS lentivirus-infected cell: *p =

0.0268;Wild-typeMCIDAS lentivirus infected cell vs. L > Dmutant MCIDAS lentivirus infected cell: *p = 0.0269). Unpaired, two-tailed Student’s t-test was used to

compare quantitative analyses. *p < 0.05.
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reported by Stubbs et al., 62 genes (65%) were found to be

down-regulated in our dataset (Table S2). On the other hand,

among 378 genes reported to be up-regulated on overexpres-

sion of Mcidas relative to Mcidas with dominant-negative E2f4

(having mouse orthologs) reported by Ma et al., 92 (24%) were

found to be down-regulated in our analysis (Table S2). Thus,

we have identified a large collection of genes that have previ-

ously not been linked to MCIDAS function.

MCIDAS targets are replete with MCC-specific proteins

The down-regulated protein coding and noncoding genes (except

pseudogenes and rRNAs) were mapped to the Gene Ontology

(GO) database. We could identify 107 GO-biological processes

(BP) to be significantly (q<0.05) enriched,whichwere further clus-

tered into 21 modules based on gene set similarities. 496 genes

were enriched in these modules. Multiple GO-BP terms relating

to microtubule, centriole, and cilia biogenesis, assembly, and

functions were markedly enriched, consistent with earlier overex-

pression studies12,14,36,37 and the derailment of centriole and cilia

biogenesis onMCIDAS loss15,21,36 (Figures S9 andS10; Table S3).

Rp1 showed the highest down-regulation and was present in 6

modules related to ciliary function, which we could confirm using

RT-qPCR analysis (Figure S11). Rp1 encodes a ciliary protein

studied extensively in the context of the immotile photoreceptor

connecting cilium and its disorder, retinitis pigmentosa.38,39

How RP1 functions in MCC motile cilia is not known, although

the protein has been detected on MCC ciliary axonemes.40

Dnai3, Dnah10, Dnai2, Dnai1, Ncan, Ccdc170, Cibar, Ttc29,

Foxj1, Foxn4, etc., related to cilium organization, microtubule-

based movement, and transport and axoneme assembly, were

Figure 7. E2F4 localization to the PCM is

unaffected in the absence of parental cen-

trioles and deuterosomes

(A) E2F4 (arrow) accumulated around parental

centrioles (CEP164 staining, arrow) and SAS6-

positive procentrioles (arrows) in differentiating

wild-type mouse ependymal MCCs. Scale bar,

5 μm.

(B) E2F4 cytoplasmic localization (arrow) and

SAS6-positive procentrioles (arrows) were unaf-

fected in MCCs derived from ependymal cells of

Deup1 mutant (Deup1 KO) mice. Scale bar, 5 μm.

(C) E2F4 cytoplasmic localization (arrow) and

SAS6-positive procentrioles (arrows) were unaf-

fected in centrinone-treated wild-type mouse

ependymal MCCs. Scale bar, 5 μm.

(D) E2F4 cytoplasmic localization (arrow) and

SAS6-positive procentrioles (arrows) were unaf-

fected in centrinone-treated MCCs derivedDeup1

mutant (Deup1 KO) mouse ependymal cells. Scale

bar, 5 μm.

also among the top down-regulated

genes. Likewise, Ccdc78, Mdm1, and

Deup1—genes associated with centriole

formation—were also strongly down-

regulated. Furthermore, genes encoding

the atypical cyclin, CCNO, as well as the

transcription factor E2F7, which are

thought to orchestrate a pseudo cell cycle that uncouples

centriole amplification fromDNA synthesis andmitosis in differen-

tiating MCCs, also figures among MCIDAS targets.41–43

859 down-regulated genes did not map to any of the significant

GO-BPmodules. We further mapped these to CellMarker (version

2024), and 414 genes could bemapped to 469 human/mouse cell

types (Table S4). Of the detected cell types, five—ciliated cell tra-

chea (mouse), ciliated epithelial cell esophagus (human), ciliated

cell lung (human), ependymal cell brain (mouse), and ciliated cell

lung (mouse)—were significantly enriched (q < 0.000068, odds ra-

tio > 5.4) and include 201 genes with Nhlrc4, Rsph14, Ccdc60,

Ccdc170, Sntn, Cdhr3, Ect2l, Lrrc71, Ccdc81 among those that

were highly down-regulated. The human orthologs were also

mapped to Human Protein Atlas (HPA) (525 could be mapped;

see Table S5), and we found that 98 genes are expressed in cili-

ated cells, while 96 are expressed in spermatocytes, early sper-

matids, and late spermatids, signifying links to cilia.

Finally, we examined the representation of human disease

genes among MCIDAS targets. Not surprisingly, the vast major-

ity of PCD-causing genes figures in the list (Table S2), underscor-

ing that this collection is a valuable resource for the discovery of

additional loci mutated in motile ciliopathies. The list also con-

tains genes associated with other diseases where the contribu-

tion of MCC dysfunction to the pathological state remains to

be determined (Table S2).

DISCUSSION

MCCs are an evolutionarily ancient cell type—many aquatic cili-

ated protozoans like Paramecium and Tetrahymena are in
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essenceMCCs, and in metazoans, MCCs also function in driving

organismal locomotion, such as swimming in many invertebrate

larval forms and the gliding locomotion of flatworms.44,45

Although cilia and flagella are rather restricted in distribution

among plants and fungi, multiciliated spermatozoa have been re-

ported from ferns and gymnosperms (sperm of cycad Zamia

have about 20,000 motile cilia).46 In addition, MCCs within

various tissues and organs of animals function in generating

vectorial fluid flow over epithelial surfaces, and this seems to

be the sole function of these cells in the vertebrates.1,45 Impair-

ment in MCC-driven fluid flow can cause severe disease in hu-

mans as exemplified by the pathological consequences in pa-

tients with PCD and RGMC.2

We have now discovered that the MCC ‘‘master’’ transcrip-

tional regulator, MCIDAS, not only activates centriole and ciliary

genes for MCC differentiation but also generates a cytoplasmic

organizing center for de novo assembly of the massive numbers

of centrioles required for multiciliation. By visualizing endoge-

nous MCIDAS in differentiating human MCCs, we discovered

that besides localizing in the nucleus, the protein underwent

cytoplasmic translocation, clustering with forming procentrioles.

In addition, cytoplasmic MCIDAS was found in the vicinity of and

colocalized with E2F4/5, and its loss abolished the cytoplasmic

accumulation of these proteins. Yet, in MCC precursors devoid

of parental centrioles and deuterosomes, where centriole ampli-

fication can proceed unabated, cytoplasmic accumulation of

E2F4 remained unaffected. Furthermore, MCIDAS loss inhibited

centriole assembly at the inception stage. Thus, our findings

resolve a long-standing enigma regarding the peculiar ability of

post-mitotic MCC precursors to amplify hundreds of centrioles

and establish that the process is directed by a linked transcrip-

tional and organelle assembly program, orchestrated by

MCIDAS.

Because MCIDAS complexes with E2F proteins for transcrip-

tion,12,15 their cytoplasmic accumulation could be mediated

by the cytoplasmic translocation of MCIDAS. However, in

MCIDAS mutant MCCs, where cytoplasmic clustering of the

E2F proteins is not observed, we did not notice their perdurance

in the nucleus (Figure 2). This suggests that E2F4/5 nuclear

export is not mediated by MCIDAS, but cytoplasmic MCIDAS

is critical for their cytoplasmic clustering. In fact, CRM1-medi-

ated nuclear export of the E2F proteins has been well docu-

mented.47,48 Likewise, based on the presence of NESs, we

have proposed a CRM1-mediated nuclear export pathway also

for MCIDAS: the nuclear export of MCIDAS is leptomycin B sen-

sitive and disruption of the central NES motif can block nuclear

export. Consistent with this, leptomycin B inhibited MCC forma-

tion in cultured mTECs, and the L > D NES mutant MCIDAS pro-

tein failed to rescue centriole amplification andMCC formation in

mTECs derived from Mcidas mutant mice. Together, these data

are consistent with the model that cytoplasmic MCIDAS directs

cytoplasmic accumulation of the E2F proteins, and together they

organize a de novo centriole assembly center in differentiating

MCCs. But once in the cytoplasm, how does the MCIDAS-

E2F4/5 complex initiate centriole biogenesis? As the E2F pro-

teins can associate with DEUP1 and SAS6,18 we argue that

centriole biogenesis is initiated via interactions with these, and

possibly other, centriole biogenesis components. Furthermore,

there is emerging evidence that MCIDAS can interact with

PLK4when the proteins are overexpressed in cycling cells.23Us-

ing in silico modeling, we could confirm this interaction, and we

also found that it is the second NES motif of MCIDAS that medi-

ates interaction with PKL4 (Figures S7E and S7F). Since PLK4

phosphorylates and recruits core centriolar components like

STIL and SAS6 to parental centrioles for procentriole formation

during mitosis,49 MCIDAS-PLK4 association could also operate

during MCC differentiation and represent the mechanistic

basis by which centriole assembly is triggered by cytoplasmic

MCIDAS.

Using transcriptomics of Mcidas mutant mTEC-derived

MCCs, we have also generated a comprehensive list of

MCIDAS target genes. This list represents genes dysregulated

in a stable genetic loss-of-function condition, as opposed to

earlier MCIDAS overexpression-based assays.12,14,36,37 Never-

theless, consistent with earlier studies, the most prominent

differentially expressed gene modules contain GO-BP terms

pertaining to cilia and centriole biogenesis and function.

Although many of these genes have already been investigated

in centrioles and cilia in MCCs, many others have been shown

to function in these organelles elsewhere, but their activities in

MCCs have not been investigated, such as RP1. Also, the cilia

and centriole GO-BP-enriched genes include the majority of

those linked with PCD, reiterating the importance of MCC abnor-

malities in the pathology of this disorder. In addition, we have

been able to identify many genes that have previously not

been identified as MCIDAS targets, and interrogation of their

transcript/protein distribution in existing databases revealed

that a significant proportion are indeed MCC specific, possibly

encoding many ‘‘novel’’ centriole and cilia components. Rather

interestingly, on parsing through the topmost down-regulated

genes, we have noted that there could be several MCIDAS

targets with MCC-specific functions that may not involve cilia

or centrioles. For instance, Cdhr3, encoding a Cadherin-

related protein, figures among the most down-regulated genes

(Table S2; Figure S11). CDHR3 localizes to the apical cytoplasm

of developingMCCs and has been implicated in asthma, chronic

obstructive pulmonary disease, as well as rhinovirus infec-

tions.50,51 CDHR3 loss does not affect multiciliation but impairs

rhinovirus tropism to MCCs,50 highlighting that MCIDAS targets

may have roles beyond cilia and centrioles, and their dysfunction

can lead also to common MCC-based diseases like asthma and

viral infections, besides the rare disorders like PCD and RGMC.

Limitations of the study

Although our findings greatly favor de novo centriole biogenesis

in MCCs, with cytoplasmic MCIDAS being an important player in

organizing this pathway, the parental centrioles and deutero-

somes, while dispensable, could make auxiliary contributions.

When available, they could serve as alternative procentriole

nucleation centers, ensuring spatial and temporal coordination

as well as fidelity in a process that involves the generation of a

large number of highly structured organelles, the centrioles,

within a short time frame. Thus, our study prompts amore careful

evaluation of centriole amplification in MCCs that are devoid of

the deuterosomes and parental centrioles, for example, using

live imaging with fluorophore-tagged proteins, to uncover if
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certain elements in the dynamics of centriole amplification can

be perturbed in their absence.
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○ Differentiation of hESCs into multiciliated airway epithelium

○ Fluorescence-activated cell sorting (FACS)

○ Immunofluorescence analysis of mTEC and hESC-derived airway

MCCs

○ Western blotting

○ Live imaging of human MCC ciliary motility

• QUANTIFICATION AND STATISTICAL ANALYSIS

○ Whole transcriptome sequence analysis to identify MCIDAS regu-

lated genes

○ Gene set enrichment and cellular colocalization analysis

○ NLS, NoLS, NES and protein-protein interaction (PPI) predictions

○ Statistical analysis

○ Figure assembly
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

ALCAM Phycoerythrin monoclonal antibody

(Clone 105902)

R&D Systems Cat# FAB6561P; RRID: AB_2223887

APC anti-human CD271 (NGFR) antibody Biolegend Cat# 345108; RRID: AB_10645515

PE anti-human CD326 (EpCAM) antibody Biolegend Cat# 324206; RRID: AB_756080

Anti-NANOG antibody R&D systems Cat# AF1997; RRID: AB_355097

Anti-HA antibody Cell Signaling Cat# CST 3724; RRID: AB_1549585

Anti-α-tubulin antibody Sigma-Aldrich Cat# T9026; RRID: AB_477593

Anti-E2F5 antibody Santa Cruz Cat# sc-374268; RRID: AB_10988935

Anti-E2F5 antibody Atlas Cat# HPA065441

Anti-E2F4 antibody EMD millipore Cat# MABE160; RRID: AB_10845939

Anti-SAS6 antibody Santa Cruz Cat# SC-81431; RRID: AB_1128357

Anti-CENTRIN antibody EMD millipore Cat# 04-1624; RRID: AB_11211820

Anti-PCM1 antibody Cell Signaling Cat# 5213; RRID: AB_10069824

Anti-PCNT antibody Ab-Cam Cat# Ab4448; RRID: AB_304461

Anti-FOXJ1 antibody eBiosecience Cat# 14-9965-80; RRID: AB_1548835

Anti-RFX2 antibody Sigma-Aldrich Cat# HPA048969; RRID: AB_2756226

Anti-RFX3 antibody Sigma-Aldrich Cat# HPA035689; RRID: AB_10671224

Anti-Acetylated tubulin antibody Sigma-Aldrich Cat# T6793; RRID: AB_10061791

Anti-Acetylated tubulin antibody Cell signaling Cat# 5335; RRID: AB_

Anti-γ-tubulin antibody Sigma-Aldrich Cat# T6557; RRID: AB_477584

Anti-γ-tubulin antibody Sigma-Aldrich Cat# T5192; RRID: AB_261690

Anti-CEP164 antibody Sigma-Aldrich Cat# SAB3500022; RRID: AB_10603614

Anti-Rabbit IgG (H + L), Alexa Fluor 546 Invitrogen Cat# A10040; RRID: AB_11181145

Anti-Rabbit IgG (H + L), Alexa Fluor 555 Invitrogen Cat# A-21428; RRID: AB_2535849

Anti-mouse IgG (H + L), Alexa Fluor 555 Invitrogen Cat# A-28180; RRID: AB_2536164

Anti-Rabbit IgG (H + L), Alexa Fluor 488 Invitrogen Cat# A-11034; RRID: AB_2576217

Anti-Mouse IgG (H + L), Alexa Fluor Plus 488 Invitrogen Cat# A32766; RRID: AB_2762823

Anti-Goat IgG (H + L), Alexa Fluor 488 Invitrogen Cat# A11001; RRID: AB_2534069

Anti-Mouse HRP Dako Cat# P044701; RRID: AB_2617137

Anti-Rabbit HRP Dako Cat# P044801; RRID: AB_2617138

Hoechst 33342 Sigma-Aldrich Cat# B2261; CAS: 875756-97-1

Bacterial and virus strains

XL-10 gold ultracompetent E. coli cells Agilent Technologies Cat# 200315

Chemicals, peptides, and recombinant proteins

Penicillin/Streptomycyin Life Technologies Cat# 15140122

Leptomycin B Sigma-Aldrich Cat# L2913

Lipofectamine 2000 Invitrogen Cat# 11668019

EGTA Sigma Aldrich Cat# E3889

HEPES Buffer Sigma Aldrich Cat# H3375-25G

Polybrene Sigma-Aldrich Cat# H9268

Hanks Balanced Salt Solution HyClone Cat# SH30588.01

Activin A Peprotech Cat# 120-14P-50

FGF2 Peprotech Cat# 100-18B-100

LY294002 Promega Cat# V1201
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CHIR99021 Tocris Cat# 4423/10

BMP4 Peprotech Cat# 120-05-50

SB431542 Tocris Cat# 1614

Dorsomorphin dihydrochloride Tocris Cat# 3093

GlutaMAX Life Technologies Cat# 35050-061

N-2 Supplement Life Technologies Cat# 17502-048

B27 Supplement Life Technologies Cat# 17504-044

Non essential amino acids Gibco Cat# 11140-035

FGF7 Peprotech Cat# 100-19-100

FGF10 Peprotech Cat# 100-26-100

Retinoic Acid Sigma Cat# R2625-50MG

Dexamethasone Sigma Cat# D4902-100MG

8-bromoadenosine 30,50-cyclic

monophosphate sodium salt

Sigma Cat# B5386-100MG

3-isobutyl-1-methylxanthine Sigma Cat# 17018-100MG

Y-27632 Selleck Chem Cat# S1049-SEL-10mg

hESC-qualified growth factor reduced

Matrigel

Corning Cat# 354277

Biocoat Growth Factor Reduced Basement

Membrane Matrigel (Corning)

Corning Cat# 354230

Vitronectin XF Stem Cell Technologies Cat# 07180

Leibovitz L-15 Medium Thermo Fisher Cat# 11415064

Ovomucoid Sigma-Aldrich Cat# O2769

Poly-L-Lysine Sigma-Aldrich Cat# P8290

Centrinone Tocris Cat# 5065

Fluoromount Southern Biotech Cat# 0100-01

PET Transwell membrane Life Science Cat# 353095

6.5 mm Transwell, 0.4 μm Pore Polyester

Inserts

Stem Cell Technologies Cat# 38024

mTEC plus Medium Merck Millipore Cat# MTEC/Plus

Fetal Bovine Serum Hyclone Cat# SH30071.03HI

Opti-Mem Life Technologies Cat# 31985070

Advanced DMEM F12 Medium Life Technologies Cat# 12634028

mTeSR1 Medium Stem Cell Technologies Cat# 85850

Essential 8 Medium Life Technologies Cat# A1517001

Gentle Cell Dissociation Buffer Stem Cell Technologies Cat# 07174

Blasticidin Life Technologies Cat# R210-01

IGEPAL CA630 Sigma Aldrich Cat# I8896

Proteinase K Qiagen Cat# 19133

1 x TE Buffer Thermo Fisher Cat# 12090015

Cryostor CS10 Stem Cell Technologies Cat# 07930

Gelatin Sigma Cat# G1890-100G

Accutase Stem Cell Technologies Cat# 07920

F-12 Medium Life Technologies Cat# 31765068

IMDM Life Technologies Cat# 21980065

Polyvinyl Alcohol Sigma Cat# P8136-250G

Concentrated Lipids Life Technologies Cat# 11905031

Monothioglycerol Sigma Cat# M6145-100ML

Transferrin Sigma Cat# T1147

Insulin Roche Cat# 1376497
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RPMI Medium Life Technologies Cat# 61870-010

PneumaCULT Ex Plus Basal Medium Stem Cell Technologies Cat# 05040

A 83-01 Stem Cell Technologies Cat# 100-0245

PneumaCULT-ALI Basal Medium Stem Cell Technologies Cat# 05022

Tryple Express Thermo Fisher Cat# 12604021

S.O.C Medium Thermo Fisher Cat# 15544034

Ampicillin Sodium Salt Sigma-Aldrich Cat# A19518

Kannamycin Sulfate Millipore Cat# 420311

CloneR Stem Cell Technologies Cat# 05888

L-Glutamine Life Technologies Cat# 25030024

Sodium Bicarbonate Sigma-Aldrich Cat# S6014

DNase I Invitrogen Cat# AM2222

D-Glucose Sigma-Aldrich Cat# G7258

cOmplete protease inhibitor cocktail Calbiochem Cat# 539131

Pierce RIPA BUffer Thermo Fisher Cat# 89900

Tween 20 Sigma-Aldrich Cat# P9416

Critical commercial assays

SuperScript III First-Strand Synthesis System Invitrogen Cat# 18080051

EXPRESS SYBR GreenER Super Mix Invitrogen Cat# A10315

NEBNext Ultra II directional library

preparation kit

New England Biolabs Cat# E7760S

NEBNext Poly(A) mRNA isolation kit New England Biolabs Cat# E7490S

SuperSignal West Femto Maximum

Sensitivity Substrate

Thermo Fisher Cat# 34095

QuickChange II XL Site Directed

Mutagenesis Kit

Agilent Technologies Cat# 200521

Nucleofection Amaxa P3 primary Cell 4D

Nucleofector Kit

Lonza Cat# V4XP-3024

PrimeStar Max Mastermix Takara Bio Inc Cat# R045A,

ViraPower Lentiviral Expression Systems

Version C

Invitrogen Cat# 25-0501

Lentiviral Packaging Mix Invitrogen Cat# K4975-00

QIAprep spin miniprep Qiagen Cat# 27106

Zymopure II plasmid maxiprep Zymopure Cat# D4203-B

Deposited data

Raw RNA-seq data of Mcidas mutant and

wild-type mTECs have been deposited at the

European Nucleotide Archive (ENA) with

European Nucleotide Archive (ENA) https://www.ebi.ac.uk/ena/browser/home

(accession number PRJEB77353)

Experimental models: Cell lines

H9 human embryonic stem cells WiCell RRID:CVCL_9773, Cat# WA09

HEK293T cells ATCC Cat# CRL-3216

Experimental models: Organisms/strains

C57BL/6 mice The Jackson Laboratory Cat# 000664

Oligonucleotides

hE2F5 sgRNA: GCCTGCTGGCCC

GAGCTCGC

This Paper N/A

hMCI sgRNA: GTCGGTGTACGAG

GATCCCC

This Paper N/A

HA-GMNC sgRNA: GCAGGTATTC

CACTACAACGTCAG

This Paper N/A
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Continued
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HA-MCIDAS agRNA: GCAGTCGG

GCCTTCGACAGCATCT

This Paper N/A

hMCI F: CCATCTCTCAGCACCTCCTC This Paper N/A

hMCI R: CAGGTCTATGGTGGTGAGGG This Paper N/A

hE2F5 F: AGCCCCTTCTCCTCGTTTC This Paper N/A

hE2F5 R: CAGCGACACGAACTTGGTAG This Paper N/A

MCI-HA-G-F1:

CCTTGGAGAGGTGTTGGCTT

This Paper N/A

MCI-HA-G-R1:

CCAGATGAGCCCGACTGTATC

This Paper N/A

GMNC-HA-G-F1:

CCAAAGCTGGGCTCGCTAA

This Paper N/A

GMNC-HA-G-R1:

TTTGGGGTTCCTTTGTTTGTGTCT

This Paper N/A

MCI-HA-XhoI-pLvx: GATCGATCC

TCGAGGCCACCATGT ACCCATA

CGACGTGCCAGACTACG CAATG

CAGGCGTGCGGGGG

This Paper N/A

MCI-C-XbaI-pLvx: GATCGATCTC

TAGATCAACTGGG GACCCAGCG

This Paper N/A

MCI-NES-N: ACCCGGCACGACG

CCTCGGTGGACGATAAGGACAT

GATCAC

This Paper N/A

MCI-NES-C: GTGATCATGTCCTT

ATCGTCCACCGAGGCGTCGTGCCGGGT

This Paper N/A

mRP1-F: TCAACCAAGTAGTAAGAG This Paper N/A

mRP1-R: ATCTTCTTGTTCTCTACTGCT This Paper N/A

mCDHR3-F: GAGGCCATGGTGGAATC This Paper N/A

mCDHR3-R: TTATCTCCCTGTGTGTTTAG This Paper N/A

HA-MCI-5′-HomoArm-F1:

AGTGGAGGAGGGTTCGTAGTGT

This Paper N/A

HA-MCI-5′-HomoArm-R1: GCGCC

GCCCCCGCACGCCTGAGCGTAA

TCTGGAACATCGTATGGGTAAGC

GTAATCTGGAACATCGTATGGGT

AAGCGTAATCTGGAACATCGTAT

GGGTACATTGTGCCTCCTGCCTC

This Paper N/A

HA-MCI-3′HomoArm-F1:

CAGGCGTGCGGGGGCGGCGC

This Paper N/A

HA-MCI-3′-HomoArm-R1:

TTGGTCAAATCAGCTCCAGTGGA

This Paper N/A

HA-GMNC-5′-HomoArm-F1:

GGGCACTGAGCCCTAGTGAT

This Paper N/A

HA-GMNC-5′-HomoArm-R1: TCTTG

GCAAGGCAGAATAGCGTAATCTGGA

ACATCGTATGGGTAAGCGTAATCTGG

AACATCGTATGGGTAAGCGTAATCTG

GAACATCGTATGGGTAGGTGTTCTG

TGAAATTCA

This Paper N/A

HA-GMNC-3′HomoArm-F1:

ATTCTGCCTTGCCAAGACCAG

This Paper N/A

HA-GMNC-3′HomoArm-R1:

ATACTGCTGGTATGCCACAGATC

This Paper N/A
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HA-E2F5-5′-HomoArm-F1:

TGGCTCCACATTCAAAATAGGC

This Paper N/A

HA-E2F5-5′-HomoArm-R1: CCTC

ACAGCCAAAGTATCAGCAGCGT

AATCTGGAACATCGTATGGGTA

AGCGTAATCTGGAACATCGTAT

GGGTAAGCGTAATCTGGAACAT

CGTATGGGTAAGCCTGTTCAGG

AAAGACAAC

This Paper N/A

HA-E2F5-3′HomoArm-F1:

GCTGATACTTTGGCTGTGAGG

This Paper N/A

HA-E2F5-3′-HomoArm-R1:

CATCTGGAAGGCCAGACTGG

This Paper N/A

pCAG-HF1-Seq-F1:

CCTTACATGTTTTACTAGCCAGA

This Paper N/A

Recombinant DNA

PLVX Addgene Cat# 632159

pMD2.G Addgene Cat# 12259

pRSV-REV Addgene Cat# 12253

pMDLg Addgene Cat# 12251

pRRE Addgene Cat# 12251

pCAG-Csy4-T2A-Cas9-HF1-IRES-BSD-U6 Addgene Cat# 79144

Zero Blunt Vector Life Technologies Cat# K2700-20

Plasmid: pCAG-HF1-Cas9-MCI-sgRNA This Paper N/A

Plasmid: pCAG-HF1-Cas9-GMNC-sgRNA This Paper N/A

Plasmid: pCAG-HF1-Cas9-E2F5-sgRNA This Paper N/A

Plasmid: pCR-Blunt-HA-MCI This Paper N/A

Plasmid: pCR-Blunt-HA-GMNC This Paper N/A

Plasmid: pCR-Blunt-HA-E2F5 This Paper N/A

Software and algorithms

Applied BioSystems 7900HT Fast Real-Time

PCR SDS2.4 software

Thermo Fisher Scientific Cat #7900 SDS v2.4.1

ImageJ NIH/ImageJ Community Version 1.53

FastQC (version 0.11.8) Babraham Bioinformatics https://www.bioinformatics.babraham.ac.

uk/projects/fastqc/

Reference genome (Mus musculus)

GENCODE Release M36 (GRCm39)

GENCODE https://www.gencodegenes.org/mouse

STAR aligner (version 2.6.0c) Dobin et al.52 https://github.com/alexdobin/STAR

HTSeq (version 0.11.0) Anders et al.53 https://htseq.readthedocs.io/en/latest/index.

html

DESeq2 package (version 1.22.2) With R

version 3.5.1

Love et al.54 https://bioconductor.org/packages/devel/

bioc/html/DESeq2.html

Cytoscape package (version 3.10.1) Shannon et al.55 https://cytoscape.org

ClueGO (version 2.5.10) Bindea et al.56 https://apps.cytoscape.org/apps/cluego

CluePedia (version 1.5.10) Bindea et al.57 https://apps.cytoscape.org/apps/cluepedia

CellMarker 2.0 database Hu et al.58 http://117.50.127.228/CellMarker/index.html

Human Protein Atlas Thul et al.59 https://www.proteinatlas.org

OMIM database Hamosh et al.60 https://www.omim.org/

DeepLoc 2.0 Thumuluri et al.61 https://services.healthtech.dtu.dk/services/

DeepLoc-2.0

NLSeer NLSeer Developers https://github.com/auerbachsd/NLSeer
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EXPERIMENTAL MODELS AND STUDY PARTICIPANT DETAILS

Animals and ethics

All animal studies were performed in accordance with the guidelines of the Singapore National Advisory Committee on Laboratory

Animal Research (protocol number: 211617) and the European Community and French Ministry of Agriculture and approved by the

Direction départementale de la protection des populations de Paris (approval number Ce5/2012/107; APAFiS #9343). C57BL/6 mice

were used as wild-type controls. Mcidas and Deup1 mutant mouse strains, generated in the C57BL/6 background, have been

described previously.7,15

In vitro culture of human embryonic stem cells

The parent cell line used for all experiments was the female human embryonic stem cell line (hESC) H9 (WiCell, Madison,

WI, https://www.wicell.org; WA09, RRID: CVCL_9773). H9 is a well-characterized female hESC line originally derived from a blas-

tocyst-stage embryo and all experiments were approved by the institutional biosafety committee (approval number: HSE-IBC

+GMAC-SR-10). Cell lines were routinely tested and confirmed to be mycoplasma-free. Cells used in experiments were between

passages 30–50. For experimental studies, H9 hESCs were differentiated into multiciliated epithelial cells using a directed differ-

entiation protocol (described in method details). For specific experiments, gene knockouts (KOs) and knock-ins (KIs) were intro-

duced using CRISPR-Cas9 genome editing, and edited clones were validated by Sanger sequencing and/or qPCR as described.

Modified lines were expanded from single-cell clones and used between passages 30–50 for downstream analyses. Detailed gen-

otyping, editing strategy, and sequence information are available in method details and key resources table.

METHOD DETAILS

Mouse primary ependymal cell cultures and centrinone treatment

Cell culture and centrinone treatment, described previously,7 was performed as follows: Newborn mice (P0–P2) were sacrificed

by decapitation. The brains were dissected in Hank’s solution (10% HBSS (#SH30588.01, HyClone), 5% HEPES (H3375-25G,

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

NLStradamus Nguyen Ba et al.62 http://www.moseslab.csb.utoronto.ca/

NLStradamus/

NESmapper Kosugi et al.27 https://mybiosoftware.com/nesmapper-

prediction-of-crm1-dependent-nuclear-

export-signals.html

NoD detector Scott et al.63 https://www.compbio.dundee.ac.uk/www-

nod/

trROSETTA Du et al.64 https://yanglab.qd.sdu.edu.cn/trRosetta/

WebLogo3 Crooks et al.65 https://weblogo.threeplusone.com/https://

github.com/gecrooks/weblogo

LZerD Protein Docking Web Server Christoffer et al.66 https://lzerd.kiharalab.org/about/

HawkDock Server Weng et al.67 https://cadd.zju.edu.cn/hawkdock/

RCSB database Berman et al.68 https://www.rcsb.org/

UniProt Database The UniProt Consortium69 https://www.uniprot.org/

CHOPCHOP Montague et al.70 https://chopchop.cbu.uib.no/

FV31S-AW FLUOVIEW software Olympus Global Cat #FV31S-DT

GraphPad Prism software GraphPad Software Version 9.5.1

BD FACSDiva software BD Biosciences Version 8.0

Primer3 Untergasser et al.71 http://primer3.ut.ee

SnapGene Domatics Version 7.1.0

Other

Scepter Cell Counter Merck Millipore Cat# PHCC20060

FACSAria Fusion Cell Sorter BD Biosciences Special Order Research Product (SORP)

ChemiDoc MP Imaging System Bio-Rad Cat# 12003154

Olympus FV3000 upright confocal

microscope

Olympus Cat# SKU: fv3000
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Sigma-Aldrich), 5% sodium bicarbonate (S6014, Sigma-Aldrich), 1% penicillin/streptomycin (P/S; #1514012, Life Technologies) in

pure water) and the extracted ventricular walls were cut into pieces manually, 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 (#11415064, Thermo

Fisher), 10% ovomucoid at 1 mg/mL (#O2769, Sigma-Aldrich), 2% DNase at 10 mg/mL (#AM2222, Invitrogen). The cells were

then washed in L15 and resuspended in DMEM glutamax supplemented with 10% fetal bovine serum (FBS; #SH30071.03HI, Hy-

Clone) and 1% P/S in a 1X Poly-L-lysine (PLL; #P8290, Sigma-Aldrich)-coated flask. Ependymal progenitors were left to proliferate

for 5 days until confluence. Centrinone (#5065, Tocris) was added on day 3 of the proliferation phase, at a final concentration of

0.6 μM. On day 5 of proliferation, flasks were shaken (250 rpm) overnight. Then, centrinone was washed out 3 times with 1X PBS

just before trypsinization and replating at high confluency (1.8x105 cells/20 μL) for MCC differentiation corresponding to days

in vitro (DIV) in DMEM glutamax, 10% FBS, 1% P/S on 1X PLL-coated coverslips for immunocytochemistry experiments. The me-

dium was replaced the following day with serum-free DMEM glutamax 1% P/S, to trigger ependymal differentiation in vitro (DIV0).

Immunostaining of cultured mouse ependymal MCCs

Cells were fixed at DIV4 in methanol at −20◦C for 10 min. Coverslips were pre-blocked in 1X PBS with 0.2% Triton X-100 and 10%

FBS before incubation with primary and secondary antibodies. Cells were counterstained with 10 μg/mL Hoechst (#B2261, Sigma)

and mounted in Fluoromount (#0100-01, Southern Biotech). All antibodies used are listed in key resources table.

ALI culture of mTECs into multiciliated epithelia

ThemTEC culture followed a standardized protocol as described before.15Briefly, mTECs were cultivated on transparent PETmem-

branes of transwells (#353095, Life Science) in mTEC plus+RA medium (#MTEC/Plus, Merck Millipore). Once the cells on the apical

side of the transwell chambers achieved 100% confluence, ALI was established by removing the culture medium from the transwell

chambers. Subsequently, differentiation medium (mTEC Plus medium without fetal bovine serum and Y-27632 ROCK inhibitor

(#S1049-SEL-10mg, Selleck Chem)) was added to the basal chamber of 24-well plates. The mTEC cells were maintained on trans-

wells by replenishing the differentiation medium in the basal chamber every two days.

Generation of wild-type and L > D mutant MCIDAS

Coding sequence of humanMCIDASwas cloned into pLVX vector (#632159, Addgene) withXhoI andXbaI restriction enzymes sites and

a single HA tag sequence fused to the N terminus of the protein. L > D mutation of MCIDAS was generated using site-directed

mutagenesis.

HEK293T cell culture and transfection

HEK293T cells were cultured in DMEMwith 4500mg/L glucose (Sigma-Aldrich, #G7258) and 10% FBS. When cells reached approx-

imately 80% confluence, 3 μg of plasmid DNAwas diluted into 300 μL opti-MEM (Life Technologies, #31985070) together with 8 μL of

lipofectamine 2000 (Invitrogen, #11668019) and incubated for 10 min at room temperature. Subsequently, the mixed solution was

applied to the cells. After overnight transfection, the transfection medium was replaced with normal DMEM medium.

Leptomycin B treatment of HEK293T cells, mTECs and hESCs

Cells were treated with leptomycin B (Sigma-Aldrich, #L2913) at a final concentration of 20 ng/mL. For HEK293T cells, after trans-

fection overnight, leptomycin B was applied to cells for 24 h. Subsequently, the cells were fixed for immunostaining or harvested for

RNA extraction. For mTEC and hESCs, leptomycin B was administered at the end of ALI day 1 and maintained till the end of ALI day

2.5, when the cells were fixed for immunostaining.

RTqPCR analysis of MCIDAS targets genes

SuperScript III First-Strand Synthesis System (Invitrogen, #18080051) was used for the generation of cDNA. Gene-specific primers

for qPCR were designed using Primer3 software (Primer3 v.0.4.0) and are listed in key resources table. qPCR was conducted using

EXPRESS SYBR GreenER Super Mix (Invitrogen, #A10315) on an Applied BioSystems 7900HT Fast Real-Time PCR System using

SDS2.4 software. Each sample was analyzed in technical triplicate. Gene expression fold differences were calculated from the Ct

values using Microsoft Excel, with normalization against the internal control, Gapdh/GAPDH.

Lentivirus generation and infection

Gene expression lentiviruses were produced with 3rd generation lentiviral system. Briefly, PLVX vector containing the coding se-

quences of specific genes was transfected together with pMD2.G (Addgene, #12259), pRSV-REV (Addgene, #12253) and

pMDLg/pRRE (Addgene, #12251) vectors into HEK 293T cells. 3 days after transfection, the viruses were harvested. Viral titration

was performed by infecting HEK293T cells with a GFP expression lentivirus which was generated together with the other gene

expression lentiviruses. Viral titer was determined according to the percentage of GFP positive HEK293T cells three-days post-infec-

tion. For infection of mTECs, the cells were treated with 12mM EGTA (Sigma-Aldrich, #E3889) in 10 mM HEPES buffer (Sigma-

Aldrich, #H3375-25G), pH 7.4, for 25min at 37◦C. Following PBSwashes, cells were exposed to amixture of lentivirus and Polybrene
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(Sigma-Aldrich, #H9268; final concentration 5 μg/mL) in the culture medium. The cells and virus mixture were then centrifuged at

1500Xg for 80 min at 32◦C, and subsequently incubated at 37◦C in a cell culture incubator.

Whole transcriptome sequencing to identify MCIDAS regulated genes

Whole mRNA was extracted from 18 samples (3 replicates for each of 3 time points for wild-type and Mcidas mutant mTECs) and

sequencing library was prepared with NEBNext Ultra II directional library preparation kit (NEB, #E7760S), combined with the

NEBNext Poly(A) mRNA isolation kit (NEB, #E7490S). mRNA sequence data was generated through Illumina NextSeq and ∼40

million, 76bp single-end reads were obtained.

hESC culture

H9 hESCs, obtained fromWiCell Research Institute, Inc., were maintained in feeder-free conditions on either Biocoat Growth Factor

Reduced Basement Membrane Matrigel (Corning, #354230) coated plates in mTeSR1 basal medium (Stem Cell Technologies,

#85850) or vitronectin XF (Stem Cell Technologies, #07180) coated plates in Essential 8 (E8) basal medium (Life Technologies,

#A1517001). Cells were passaged with Gentle Cell Dissociation Buffer (Stem Cell Technologies, #07174) every 4–5 days and kept

in an incubator at 37◦C in 5% CO2.

Construction of CRISPR single guide RNA (sgRNA) vectors and donor templates

CRISPRsingle guide (sgRNAs) targeting humanE2F5,MCIDAS andGMNCgenesweredesignedusingCHOPCHOP (https://chopchop.

cbu.uib.no/) and cloned into a pCAG-Csy4-T2A-Cas9-HF1-IRES-BSD-U6 (Addgene, #79144) plasmid backbone. All gRNA sequences

can be found in the key resources table. Donor templates containing a 3 xHA tag and 800 bp flanking homology armswere generated by

individual PCR. The PCR amplicons for both 5′ and 3′ homology arms were PCR purified and used as a DNA template for a fusion PCR.

The resulting ampliconwas ligated into a zero blunt vector (Life Technologies, #K2700-20) and sequenced to confirm correct DNA inser-

tion. Site directedmutagenesis usingQuickChange II XL (Agilent Technologies, #200521)was used to alter the PAM (NGG) sequence on

the corresponding donor vector, without altering the resulting codon. Homology arm and SDM primers can be found in key resources

table.

Nucleofection of hESCs

Editing and donor template vectors were delivered to H9 hESCs using a Nucleofection Amaxa P3 primary Cell 4D Nucleofector Kit

(Lonza, #V4XP-3024). Briefly, 2x106 cells were disassociated in Accutase (Stem Cell Technologies, #07920) and resuspended at the

appropriate cell density in P3 solution in a nucleofection column. 8 μg of plasmid DNAwas added to the cells, the column was placed

in a the Lonza Amaxa 4D Nucleofector (Lonza) and run under the program CA137. 24 h post-nucleofection, edited cell were selected

by supplementing mTeSR1 medium with 5.25 μg/mL blasticidin (Life Technologies, #R210-01) for 48 h. Fresh mTeSR1 media was

then fed to the cells every day until colonies got large enough for picking and genotyping.

Genotyping of CRISPR edited hESCs

Colonies were picked and incubated at 55◦C for 1 h followed by a 5min incubation at 95◦C in a 20μL reaction containing 1X detergent

(0.05% IGEPAL CA630 (Sigma-Aldrich, #I8896), 0.05% Tween 20), proteinase K (Qiagen, #19133) and 1X TE buffer (Thermo Fisher,

#12090015) to extract genomic DNA. PCR reactions containing 1X Primestar Max Mastermix (Takara Bio, #R045A) and genotyping

primers were set up with 1μL of genomic DNA. PCR products were subject to Sanger sequencing and analyzed using Inference of

CRISPR Edits (ICE) software for mutations and their frequency. For the E2F5 gene, a PCR amplicon containing the edited region of

the compound heterozygousmutant was further cloned into pCR-Blunt vector and analyzed with Sanger sequencing to confirm each

mutation. Genotyping and sequencing primers are listed in Table S6.

Clonal expansion of CRISPR edited hESCs

H9 clones that were found to contain frame-shifting mutations were subcloned by dissociating them into single cells using Accutase

and seeded at very low cell densities onto matrigel-coated plates in mTeSR1 medium supplemented with CloneR (Stem Cell Tech-

nologies, #05888) for 48-72h. Cells were subsequently fedwith freshmTeSR1mediumdaily until colonies grew large enough for pick-

ing and genotyping. Once genotypes were confirmed, clones were expanded in culture and then frozen stocks weremade using Cry-

ostor (Stem Cell Technologies, #07930).

Karyotype analysis

All H9 hESC lines (E2F5 andMCIDASmutant, HA-MCIDAS and HA-GMNC knock-in and their wild-type counterparts) were cultured

to 70–80% confluency and sent to the KK Women’s and Children’s Hospital (Singapore) cytogenetics department for karyotype

analyses.

Differentiation of hESCs into multiciliated airway epithelium

H9 hESCs were dissociated into single cells with Accutase for 5 min at 37◦C after which 4x105 cells were seeded as monolayer into

eachwell of a 0.1%gelatin (Sigma Aldrich) andMEF coated 12-well plate (Falcon). The next day (Day−1, (D-1)) cells were fed fresh E8
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media. On D0 the induction of the definitive endoderm (DE) lineage was intiated72 by culture for 48h in a base medium (hereafter

called CDM-PVA) consisting of F-12 (Life Technologies, #31765068), IMDM (Life Technologies, #21980065), polyvinyl alcohol (Sigma

Aldrich, P8136-250G), concentrated lipids (Life Technologies, #11905031), monothioglycerol (Sigma Aldrich, #M61545-100ML),

Transferrin (Sigma Aldrich, #T1147) and insulin (Roche, #1376497); which was supplemented with 100 ng/mL Activin A (Pepro-

tech, #120-14P-50), 80 ng/mL FGF2 (Peprotech, #100-18B-100), 10 ng/mL BMP4 (Peprotech, #120-05-50), 3 μM CHIR99021 (Toc-

ris, #4423/10) and LY294002 (Promega, #V1201). For the following 24h, cells were cultured in RPMI medium (Life Technologies,

#61870-010) supplemented with B27 (Life Technologies, #17504-044), non-essential amino acids (Gibco, #11140-035), 100 ng/

mL Activin A and 80 ng/mL FGF2.

The DE cells were then differentiated into Anterior Foregut Endoderm (AFE) and subsequently into lung progenitors.73 To drive DE

cells toward theAFE, cellsweredissociated ingentle cell dissociationbuffer, passaged intoMEF-coated tissuecultureplates, cultured

for 72 h in abasemedium (hereafter calledBFG) consisting of AdvancedDMEMF12 (Life Technologies, #12634028), B27, retinoic acid

(RA; SigmaAldrich, #R2625-50MG),N-2 (Life Technologies, #17502-048), 10mMHEPES,GlutaMAX (Life Technologies, #35050-061)

andsupplementedwithP/S, 2μMDorsomorphin dihydrochloride (DSM;Tocris, #3093) and10μMSB431542 (Tocris, #1614). Todiffer-

entiate AFE cells into lung progenitors, cells were cultured in the BFGmedium supplementedwith 3 μMCHIR, 10 ng/mLBMP4, 10 ng/

mL FGF7 (Peprotech, #100—19-100), 10 ng/mL FGF10 (Peprotech, #100-26-100) and 50 nM RA for 9 days.

Lung progenitors were differentiated into proximal lung organoids according to published protocol.19 The D15-sorted NKX2-1+ve

lung progenitors were resuspended in BFGmedium containing 250 ng/mL FGF2, 100 ng/mL FGF10, 50 nM dexamethasone (Sigma-

Aldrich, #D4902-100MG), 0.1 mM 8-bromoadenosine 30,50-cyclic monophosphate sodium salt (cAMP; Sigma-Aldrich, #B5386-

100MG) and 0.1mM 3-isobutyl-1-methylxanthine (IBMX; (Sigma-Aldrich, #17018-100MG), hereafter called proximal airwaymedium.

The cell suspension was mixed with undiluted hESC-qualified growth factor-reduced matrigel (Corning, #354277) at a 1:1 ratio, re-

sulting in a density of 1000 cells per μL and 40 μL of this mixture was pipetted in droplets onto 16 mm glass coverslips (Marienfeld

Superior) in the base 24-well plate to create a matrigel domes. Matrigel domes were then incubated at at 37◦C for 30 min to solidify,

before 500 μL proximal airway medium was overlaid over each dome. Medium was supplemented with 10 μM Y-27632 for the first

24 h to improve cell survival. Proximal lung organoids were fed fresh media every other day for 9 days. Once confluent the Matrigel

domes were passaged at a ratio of 1:6 into PneumaCULT Ex Plus Basal Medium (PEX; Stem Cell Technologies, #05040) supple-

mented with 1 μM A 83-01 (Stemcell Technologies, #100–0245), 1 μM DSM and 10 μM Y-27632 for a further 7–9 days, before

they were harvested and sorted for basal cells.

1.5x105 basal cells collected from sorting proximal lung organoids were seeded onto 6.5 mm matrigel-coated transwell inserts

(Stem Cell Technologies, #38024) with PEX medium in the apical and basal chambers. When the transwells reached 100% conflu-

ence, media was removed from both chambers and PneumaCULT ALI medium (Stem Cell Technologies, #05022) was added only to

the basal chamber. Medium was refreshed every other day for 2 weeks or till cells were harvested for downstream processing/an-

alyses at specific ALI time points.

Fluorescence-activated cell sorting (FACS)

Cells were harvested by incubation with Tryple Express (Thermofisher, #12604021) for 10–15 min at 37◦C. Airway basal cells

embedded in Matrigel-based 3D culture were additionally disassociated into single cells by resuspension using a p1000 pipette.

The Tryple-cell mixture was diluted in Advanced DMEM F12 medium containing 10% FBS at a ratio of 1:2. Harvested cells were

centrifuged at 1200 rpm for 5 min and resuspended in a FACS buffer consisting of Hank’s Balanced Salt Solution (HBSS), 2%

FBS, 25mMHEPES 2mM EDTA, P/S and supplemented with 10μMY-27632. Cell clumps were removed by passing the cell suspen-

sion through a 40 μm cell strainer (Fisher Brand, #22363547) before cells were counted using the Scepter Cell Counter (Merck Milli-

pore, #PHCC20060) and concentrations were adjusted to 1x106/100 μL FACS buffer. For purification of lung progenitors at Day 15,

0.5 μL isotype control or 0.5 μL human ALCAM/CD166 phycoerythrin (PE)-conjugated antibody (Clone 105902, R&D Systems,

#FAB6561P) was added per 100 μL cell suspension. Airway basal cells were purified on D25-30, where 0.5 μL of each isotype control

or 0.5 μL human NGFR/CD271 (APC)-conjugated antibody (Biolegend, #345108) and 0.5 μL EpCAM/CD326 (PE)-conjugated anti-

body (Clone REA764; Miltenyibiotec, #324206) were added to 100 μL of cell suspension. Cells were stained for 30 min in the dark

at 4◦C, washed with FACS buffer and resuspended in 500 μL FACS buffer for sorting. Unstained and isotype-stained H9-derived

lung progenitors or lung cells were used as negative controls for the gating parameters on the cytometer. Cells were analyzed for

forward and side scatter and gated to exclude dead cells/debris. This population of live cells were further analyzed for FSC-H

and FSC-A to isolate single cells, which were subsequently gated for CD166 or NGFR/EpCAM. For these sorting protocols a BD

FACSAria Fusion Cell Sorter and BD FACSDiva software (BD Biosciences) was used and cells were collected in basal medium sup-

plemented with 10 μM Y-27632.

Immunofluorescence analysis of mTEC and hESC-derived airway MCCs

Cells were fixed using either 4% paraformaldehyde (PFA) for 20 min at room temperature or ice-cold 100% methanol for 15 min at

4◦C, depending on the specific antibodies used for staining. Following fixation, cells were treated with blocking and permeabilizing

buffer (3% BSA, 0.1% Triton X-100 in DPBS) overnight at 4◦C. Next, cells were incubated with primary antibodies diluted in staining

buffer (3% BSA, 0.1% Triton X-100 in DPBS) for 1 h at room temperature. After 3 washes with PBS, cells were incubated with fluo-

rophore-conjugated secondary antibodies diluted in staining buffer (3% BSA, 0.1% Triton X-100 in DPBS) for 1 h in the dark at room
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temperature. Subsequently, cells were subjected to 3 additional washes with PBS. Following washing, the PET membrane with cells

were mounted on glass slides and imaged using a Leica FV-3000 confocal microscope. Image processing and analyses were done

using ImageJ. The E2F4 antibody has been previously validated for use on human and mouse cells (see company data sheet and

ref.16). The E2F5 antibodies were validated for use with human cells in this study (see Figure S1). The Atlas E2F5 antibody

(HPA065441) was also used to detect E2F5 expression inmTECs using immunofluorescence, and the antigen sequence is 96% iden-

tical between the mouse and human E2F5 proteins.

Western blotting

MTECs (wild-type control and Mcidas knock-out) and hESC-derived ALI cultures (wild-type control, E2F5 knock-out, HA-MCIDAS

knock-in and HA-GMNC knock-in) grown on transwells (9 transwells for each genotype) were lysed in 100 μL Pierce RIPA buffer

(ThermoFisher Scientific, #89900) supplemented with complete protease inhibitor cocktail (Calbiochem, #539134) to prepare whole

cell lysates. 10 μg protein was resolved on a 10% SDS PAGE gel and then transferred onto PVDF membranes. Membranes were

blocked with 3% BSA, 0.1% Tween 20 (Sigma-Aldrich, #P9416) in PBS at 4◦C overnight. The membranes were then incubated

with specific primary antibodies for 1 h at room temperature, washed 3 times in PBS and then incubated with HRP-linked secondary

antibodies for 1 h at room temperature. Pierce ECL Plus Substrate or SuperSignal West Femto Maximum Sensitivity Substrate

(ThermoFisher Scientific, #340925) were used to visualize proteins on Chemidoc (Bio-Rad, #12003154).

Live imaging of human MCC ciliary motility

Transwell membranes with live, mature MCCs (ALI day14) derived from H9 hESCs were excised and mounted on glass slides. The

mounted cells were examined using a Olympus FV3000 upright confocal microscope at 25◦C. 20X objective was used to locate

motile cilia, followed by recording of ciliary motility with a 100X oil emersion lens. The movies were recorded at 100 frames/s and

processed with FV31S-AW FLUOVIEW software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Whole transcriptome sequence analysis to identify MCIDAS regulated genes

Primary QC was performed on the raw data through FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). The QC

passed data were aligned to GRCm39 primary assembly (https://ftp.ebi.ac.uk/pub/databases/gencode/Gencode_mouse/release_

M26/GRCm39.primary_assembly.genome.fa.gz) with Gencode vM26 (GRCm39) transcript model (https://ftp.ebi.ac.uk/pub/

databases/gencode/Gencode_mouse/release_M26/gencode.vM26.annotation.gtf.gz) and STAR aligner (version 2.6.0c).52 An

average of 88% uniquely mapped reads (range: 87.67–88.64%) were obtained. The raw count data for 53647 genes were generated

through HTSeq (version 0.11.0)53 from the aligned reads. A total of 15482 genes (13098 protein coding and 2384 non-coding) that

were expressed at least one-copy in at least 2 of 3 replicates in either case or control of at least 1 out of 3 timepoints were considered

for downstream analysis. Differential gene expression (DGE) analysis was performed for these genes between Mcidas mutant and

wild-type control separately for each of the 3 time points using method encoded in DESeq2 package.54 A gene was considered

to be differentially expressed if absolute fold-change of >2 with FDR-corrected p-value <0.1 was obtained.

Gene set enrichment and cellular colocalization analysis

Gene set enrichment analysis was performed using Clugo (https://ieeexplore.ieee.org/document/1565762) and Cluepedia57 mod-

ules available in Cytoscape (https://cytoscape.org/) package (version 3.10.1) against GO gene sets (tree level >3 and <8) for biolog-

ical processes, cellular and molecular functions. Initially, a given mouse gene set was mapped to GO terms for enrichment through

right-sided hypergeometric test for significant association, followed by Bonferroni step down p-value correction. GO terms with at

least 4% enrichment andminimum of 3 genes enriched with p < 0.05 were considered for further grouping through ClueGO andClue-

pedia. Enriched GO terms with 50% overlapping genes were grouped, and the name of the merged group was chosen based on the

highest kappa score. A fraction of our query genes was not mapped to GO-BP. We further mapped these genes to (a) CellMarker 2.0

database58 and (b) Human Protein Atlas (HPA: https://www.proteinatlas.org/) (using human orthologous genes converted through

Ensembl BioMart). To generate further insights into the possible cellular colocalization of proteins, we have utilized a machine

learning (ML)-based algorithm DeepLoc 2.0 (https://services.healthtech.dtu.dk/services/DeepLoc-2.0/) with protein sequence fasta

(longest isoform of the human orthologues) downloaded from NCBI with default parameters. All deregulated genes in our Mcidas

mutant versus wild-type analysis were queried with OMIM (https://www.omim.org/) dataset to identify association with genetic

disorders.

NLS, NoLS, NES and protein-protein interaction (PPI) predictions

Protein sequences of human andmouseGMNC (accession numbers A6NCL1, Q3URY2) andMCIDAS (accession numbers D6RGH6,

Q3UZ45) were downloaded from Uniprot.74 To predict NLS, NoLS and NES motifs, we utilized several bioinformatics methods

based on Hidden Markov Models (HMMs) or machine learning. We employed NLSeer, NLStradamus and DeepLoc 2.0 to detect

NLSmotifs.61,62,75 For NES prediction, we utilized NESmapper and DeepLoc 2.0, whereas for NoLS, we utilized NoD detector.27,61,63

Protein 3D structure of the NES top candidatemotif was generated by trROSETTA.64Saliency logoswere generated byWebLogo3.65
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To build the MCIDAS-PLK4 and the CRM1-NES interaction models, we obtained the X-ray crystal structures of the human CRM1/

SNURPORTIN-1 complex (PDB ID: 3GB8), human PLK4 (PDB ID: 3COK) and of the MCIDAS:GEMININ heterodimeric parallel coiled-

coil (PDB ID: 4BRY) from Protein DataBank (RCSB PDB, https://www.rcsb.org/).68 Protein-protein docking predictions of the com-

plexes were done running the LZerD Protein Docking Web Server.66 The binding energies of the obtained complexes by LZerD were

then calculated by using the HawkDock server based on MM/GBSA free energy decomposition.67

Statistical analysis

The experimental data were analyzed usingGraphPad Prism software (GraphPad Software Inc., La Jolla, CA, USA). Numerical values

are presented as mean ± standard error. For all experiments, at least 3 biological replicates were examined, except for the following

analyses: 1 biological sample with 2 technical replicate for Figure 6; 1 biological sample, 2 technical replicates for Figures S3A–S3D, 1

technical replicate for Figures S3E–S3G 1 biological sample for Figures S8G and S8H and 3 technical replicates for Figure S10. Un-

paired, two-tailed Student’s t test was utilized for quantitative analyses. A significance threshold of p < 0.05 was applied to determine

statistical significance (*p < 0.05, **p < 0.01 and ***p < 0.001).

Figure assembly

All figures were assembled using Adobe Illustrator CS4.
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Figure S1. Generation of CRISPR edited E2F5 mutant hESCs and validation with 

western blot. Related to Figure 1. 

(A) Schematic of gene editing strategy showing sgRNA targeting exon 1 of the E2F5 

gene. 

(B) Sanger sequencing chromatograms of E2F5 sequence in wild-type (WT) and E2F5 

mutant (E2F5 KO) H9 hESCs. Green box highlights 1 bp insertion in E2F5 KO allele 1 

at position 23. Red box highlights 60 bp deletion in E2F5 KO allele 2. Blue and green 

boxes indicate sequences flanking the 60 bp deletion. 

(C) Karyotype analyses of WT and E2F5 KO hESCs. 

(D) Immunostaining of pluripotency marker NANOG in WT and E2F5 KO H9 

hESCs. Scale bars = 100 µm. DAPI was used to highlight nuclei (blue). 

(E, F) Western blot analysis of endogenous E2F5 protein expression in WT and E2F5 

KO hESCs with Atlas and Santa Cruz E2F5 antibodies. Antigen sequences 

recognized by the two antibodies are 

GCNTKEVIDRLRYLKAEIEDLELKERELDQQKLWLQQSIKNVMDDSINNRF and 

epitope mapping between amino acids 303-331 at the C-terminus, respectively, and 

are predicted to be lost from the mutant E2F5 proteins. 

(G) Percentage of FOXJ1-positive cells with cytoplasmic E2F5. 3 biological replicates, 

10 random microscope fields from each replicate (WT: 82/121, 67/143, 85/111; E2F5 

KO: 0/116, 0/78, 1/162; ∗∗p=0.0019). Unpaired, two-tailed Student’s t test was used to 

compare quantitative analyses. **p< 0.01. 



 

Figure S2. Generation and characterization of CRISPR edited MCIDAS mutant 

hESCs. Related to Figure 2. 



(A) Schematic of gene editing strategy showing sgRNA targeting exon 2 of the 

MCIDAS gene. 

(B) Sanger sequencing chromatograms of MCIDAS sequence in WT and CRISPR-

edited MCIDAS mutant (MCIDAS KO) H9 hESCs. Red box indicates the 8 bp 

sequence deleted in both alleles. 

(C) Karyotype analyses of WT and MCIDAS KO hESCs. 

(D) Immunostaining of pluripotency marker NANOG in WT and MCIDAS mutant 

(MCI KO) ESCs. Scale bars= 100 µm. 

(E) Wild-type hESCs differentiated into airway epithelia produced MCCs, labelled 

with FOXJ1 (arrows) and acetylated tubulin (Ace-tub) (arrows). Scale bar: 5 µm. 

(F) MCIDAS mutant hESCs failed to differentiate into MCCs. MCC precursors 

expressed FOXJ1 (arrows), but no multiciliation was observed. Scale bar: 5 µm. 

(G, H) RFX2 was expressed in hESC-derived MCIDAS mutant differentiating MCCs, 

but expression level appeared lower compared to wild-type (arrows). Scale bars: 5 

µm. 

(I, J) RFX3 was expressed in hESC-derived MCIDAS mutant differentiating MCCs, 

but expression level appeared lower compared to wild-type (arrows). Scale bars: 5 

µm. 

DAPI was used to highlight nuclei (blue) in panels D-J. 

(K) Statistical analysis of percentage of FOXJ1-, RFX2- and RFX3-positive cells in 

wild-type (WT) and MCIDAS mutant (MCI KO) cells. 3 biological replicates, 8 

random microscope fields from each replicate (WT FOXJ1: 82/181, 34/156, 57/179; 

MCI KO FOXJ1: 20/186, 19/211, 8/193; *p=0.0231; WT RFX2: 74/201, 90/196, 50/178; 

MCI KO RFX2: 18/164, 19/235, 25/182; **p=0.0094; WT RFX3: 52/168, 92/214, 70/179; 

MCI KO RFX3: 18/182, 10/207, 15/188; *p=0.0182). Unpaired, two-tailed Student’s t 

test was used to compare the quantitative analyses. *p < 0.05 and **p < 0.01. 



 

Figure S3. Expression of E2F4, E2F5 and SAS6 is not affected by loss of MCIDAS. 

Related to Figure 2. 

(A, B) E2F4 expression (arrows) in wild-type (A) and Mcidas mutant (mMci KO) 

mTECs (B) at ALI day 0. Note the nuclear localization, which is unaffected on loss of 

MCIDAS. Scale bars: 5 m. 

(C, D) E2F5 expression (arrows) in wild-type (C) and Mcidas mutant (mMci KO) 

mTECs (D) at ALI day 0. Note the nuclear localization, which is unaffected on loss of 

MCIDAS. Scale bars: 5 m. 

DAPI was used to highlight nuclei (blue) in panels A-D. 

(E-G) Western blot analysis of E2F4 (E) and SAS6 (F) expression level between wild-

type and Mcidas mutant (mMci KO) mTECs at ALI day 3. Tubulin was used as 

loading control (G). 



 

Figure S4. Generation of CRISPR edited HA-MCIDAS knock-in hESCs and 

validation with western blot. Related to Figure 3. 

(A) Schematic of gene editing strategy, showing introduction of triple HA epitope 

tag in frame with the N-terminus of MCIDAS in hESCs. 

(B) Sanger sequencing chromatograms of MCIDAS in wild-type (WT) and CRISPR-

edited HA-MCIDAS (HA-MCI) hESCs. 

(C) Amino acid sequence of HA-MCIDAS. The triple HA epitope sequence is 

highlighted in yellow. 

(D) Karyotype analyses of WT and HA-MCIDAS hESCs. 



(E) Immunostaining of pluripotency marker NANOG in WT and HA-MCIDAS 

hESCs. Scale bars= 100 µm. DAPI was used to highlight nuclei (blue). 

(F) Validation of HA tagged MCIDAS protein using western blot. 

 

 

 

 

 

 



 

Figure S5. Generation of CRISPR edited HA-GMNC knock-in hESCs and 

validation with western blot. Related to Figure 3. 

(A) Schematic of gene editing strategy showing introduction of triple HA epitope tag 

in frame with the N-terminus of GMNC in hESCs. 

(B) Sanger sequencing chromatograms of GMNC sequence in wild-type (WT) and 

CRISPR-edited HA-GMNC hESCs.  

(C) Amino acid sequence of HA-GMNC. The triple HA epitope is highlighted in 

yellow. 

(D) Karyotype analyses of WT and HA-GMNC hESCs. 



(E) Immunostaining of pluripotency marker NANOG in WT and HA-GMNC H9 

hESCs. Scale bars= 100 µm. DAPI was used to highlight nuclei (blue). 

(F) Validation of HA tagged GMNC protein using western blot. 

 



 

Figure S6. Motif analysis of NLS, NoLS, NES in human and mouse MCIDAS and 

GMNC proteins. Related to Figure 3. 



(A, B) N terminal NES1 motif67-80 (A) and NES2 top candidate motif231-244 (B) as 

predicted by NESmapper in both human and mouse MCIDAS proteins. 3D protein 

structure of the top candidate NES2 motif was generated by trROSETTA. Amino 

acids are colored by type. Green indicates hydrophobic residues. 

(C) C terminal NES3 motif316-229 as predicted by NESmapper only in human MCIDAS 

protein. 

(D) Per residue NoLS prediction by NoD detector for human MCIDAS. 

(E) Saliency logos of the NLS motifs in human and mouse GMNC as predicted by 

DeepLoc 2.0 (top). Saliency logos of the NLS motifs in human and mouse GMNC as 

predicted by NLSeer (bottom). 



 

Figure S7. Protein-protein interaction models. Related to Figure 3. 



(A) 3D x-ray crystal structure of human CRM1/SNURPORTIN-1 complex (3GB8 

RCSB PDB). CRM1 is visualized as hydrophobicity surface (light blue and yellow), 

whereas SNURPORTIN-1 as ribbon style (dark blue), showing the location of its NES 

motif highlighted in red. 

(B-D) Protein interaction models with binding free energy values in kca/mol of the 

three human MCIDAS NES motifs visualized as ribbon style (red), docked to human 

CRM1, visualized as ribbon style (green). 

(E) Protein interaction model of human MCIDAS (4BRY RSCB PDB) visualized as 

ribbon style (gray) docked to human PLK4 kinase (3COK RSCB PDB) visualized as 

hydrophobicity surface (light blue and yellow). The location of the MCIDAS NES2 

motif is colored in dark purple, whereas red highlights the position of the three 

Leucines (L) inside the NES2 motif. 

(E’) Side view of the hydrophobicity surface of human MCIDAS, highlighting the 

location of the hydrophobic NES motif.  

(F) Per residue binding free energies in kcal/mol calculated by MM/GBSA of human 

PLK4-MCIDAS complex. On top (green), energies in kcal/mol of the receptor (PLK4), 

while at the bottom (orange), energies of the ligand (MCIDAS). 



 

Figure S8. Centriole amplification in MCCs is activated by CRM1-dependent 

cytoplasmic accumulation of MCIDAS. Related to Figure 6. 

(A) Nuclear and cytoplasmic localization of overexpressed wild-type MCIDAS in 

HEK293T cells. Cytoplasmic localization is indicated (arrows). Scale bar = 5 µm. 

(B) Overexpressed MCIDAS was exclusively nuclear localized after leptomycin B 

treatment (arrows). Scale bar = 5 µm. 

(C) L>D mutant MCIDAS was exclusively nuclear localized. Scale bar –5 µm.  



(D) RTqPCR analysis of MCIDAStarget gene expression on overexpression of wild-

type MCIDAS, overexpression of wild-type MCIDAS and leptomycin B treatment 

and overexpression of L>D mutant MCIDAS in HEK293T cells.  

(E) Lentivirus-mediated overexpression of wild-type MCIDAS in Mcidas mutant 

mTECs rescued centriole assembly as revealed by cytoplasmic E2F4 accumulation 

(arrows). HA-MCIDAS was observed in the nucleus (asterisks) as well as the 

cytoplasm (arrows). Scale bar = 5 µm.  

(F) Lentivirus-mediated overexpression of L>D mutant MCIDAS in Mcidas mutant 

mTECs failed to rescue centriole assembly as revealed lack of cytoplasmic E2F4 

accumulation. L>D HA-MCIDAS was observed exclusively in the nucleus (arrows). 

Scale bar = 5 µm.  

(G) Lentivirus-mediated overexpression of wild-type MCIDAS in Mcidas mutant 

mTECs rescued MCC formation as revealed by FOXJ1 expression (arrow) and 

multiple cilia formation (acetylated tubulin staining, arrow). Scale bar = 5 µm.   

(H) Lentivirus-mediated overexpression of L>D mutant MCIDAS in Mcidas mutant 

mTECs induced high level of FOXJ1 expression (arrow) but failed to rescue 

multiciliation. Scale bar = 5 µm. 

DAPI was used to highlight nuclei (blue) in panels A-C and E-H. 



 

Figure S9. Time series gene expression data of significantly downregulated genes 

in Mcidas mutant mTEC culture with respect to 21 significantly enriched GO-BP 

modules. 

The most significant GO-BP terms in each of these modules are highlighted. Each dot 

in the figure represents a gene in significantly enriched module, with position along 

X-axis quantifying increasing order of downregulation fold change (in log 2 scale) at 

ALI day 5 of Mcidas mutant (relative to wild-type) while the radius indicates 

significance level. The color gradient (blue to red) represents downregulation fold 

change status of the genes at ALI day 3. The top downregulated genes from each 

module are highlighted. 



 

Figure S10. Enrichment of GO-BP with significantly downregulated genes (at ALI 

day 5) through ClueGO and CluePedia identified 21 significantly enriched 

modules, consisting of 107 GO-BP terms. 

 

 

 

 

Figure S11. qRT-PCR analysis of MCIDAS target genes in mTECs. 

Rp1 and Cdhr3 expression in Mcidas mutant mTEC cultures was significantly lower 

than the wild-type. 
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