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SUMMARY

Centrioles comprise the heart of centrosomes, microtubule-organizing centers. To study the function of cen-
trioles in lung and gut development, we genetically disrupted centrioles throughout the mouse endoderm.
Surprisingly, removing centrioles from the endoderm did not disrupt intestinal growth or development but
blocked lung branching. In the lung, acentriolar SOX2-expressing airway epithelial cells apoptosed. Loss
of centrioles activated p53, and removing p53 restored survival of SOX2-expressing cells, lung branching,
and mouse viability. To investigate how endodermal p53 activation specifically killed acentriolar SOX2-ex-
pressing cells, we assessed ERK, a prosurvival cue. ERK was active throughout the intestine and in the distal
lung buds, correlating with tolerance to centriole loss. Pharmacologically inhibiting ERK activated apoptosis
in acentriolar cells, revealing that ERK activity protects acentriolar cells from apoptosis. Therefore, centrioles
are largely dispensable for endodermal growth and the spatial distribution of ERK activity in the endoderm

shapes the developmental consequences of centriolar defects and p53 activation.

INTRODUCTION

Each centriole is comprised of nine triplet microtubules arranged
in a cylinder. Two centrioles and the pericentriolar materials
make up the centrosome, the principal microtubule-organizing
center in mammalian cells. Centrioles are at the heart of the
mitotic poles during cell division and, in their roles as basal
bodies, act as the cilium’s foundation.

Much like chromosomes, centrioles are duplicated once and
only once per cell cycle. Cenpj encodes SAS-4, also called
CPAP, a core component of centrioles essential for centriole
duplication (Génczy, 2012). Human mutations in CENPJ cause
microcephaly, a defect in brain growth, or Seckel syndrome, a
general growth deficit (Al-Dosari et al., 2010; Bond et al., 2005).
Consistent with the critical functions of centrioles in development,
mouse embryos without CENPJ die at mid-gastrulation (Bazzi and
Anderson, 2014). Pharmacologically inhibiting another protein
required for centriole duplication, PLK4, causes noncancer cells
to undergo G1 arrest (Wong et al., 2015), suggesting that centri-
oles are broadly essential for mammalian cell division.

Loss of centrioles activates p53 (TP53), a tumor suppressor
that interprets various cell stresses (Bazzi and Anderson, 2014;
Kastenhuber and Lowe, 2017; Wong et al., 2015). One direct
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transcriptional target of p53 is p21 (CDKN1A), a cyclin-depen-
dent kinase (CDK) inhibitor that induces cell-cycle arrest
(el-Deiry et al., 1993; Harper et al., 1993). In cancer, p53 and
p21 can be antagonized by activation of extracellular signal-
regulated kinase (ERK) (Yang et al., 2017).

A diverse range of developmental syndromes are associated
with activated p53, implicating increased p53 activity in the etiol-
ogy of birth defects (Bowen and Attardi, 2019; Van Nostrand
et al., 2014). In support of this possibility, activating mutations
in p53 or attenuating a negative regulator of p53 causes develop-
mental phenotypes in humans (Lessel et al., 2017; Toki et al.,
2018). Moreover, deletion of p53 can partly or fully rescue de-
fects in mouse genetic models of developmental syndromes
(Bowen et al., 2019). For example, deletion of p53 reduces the
increased cell death observed in Cenpj null embryos (Bazzi
and Anderson, 2014).

The neural epithelium undergoes dramatic expansion during
midgastrulation and is particularly dependent on CENPJ function
(Bazzi and Anderson, 2014), suggesting that actively dividing cells
are especially susceptible to centriole loss. Like the neural epithe-
lium, the endodermal epithelium undergoes dramatic expansion
during embryonic development (Zorn and Wells, 2009). We hy-
pothesized that centrioles would, like for the neural epithelium,
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Figure 1. Endodermal centrioles are essential for lung branching, but not for intestinal development
(A and B) Immunostaining of E11.5 control (Shh®™ Cenpj*"'°*) and Cenpj loss-of-function (Shh°™ Cenpj~'°%) lung (A) and small intestine (B) sections for centrioles
(FOP, magenta), epithelium (CDH1, cyan), and nuclei (Hoechst, gray). Scale bars, 10 um.

(legend continued on next page)
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be critical for endodermal epithelial development and, conse-
quently, the development of the alimentary tract and lungs.

To test this hypothesis, we removed Cenpj throughout the
endoderm. Surprisingly, loss of centrioles had minimal effects
on the growth and development of the small intestine. In
contrast, in the lung, loss of centrioles severely attenuated lung
branching. Within the developing acentriolar lungs, SOX9-ex-
pressing progenitors survived and expanded but failed to give
rise to SOX2-expressing airway cells. We found that in the devel-
oping intestine, ERK activity is broadly active, but in the devel-
oping lung, ERK activity is restricted to the distal tip of lung
buds where the SOX9-expressing cells reside. Pharmacological
inhibition revealed that ERK is critical for the survival of SOX9-ex-
pressing lung progenitors and intestinal cells lacking centrioles.
These results indicate that centrioles are differentially required
for distinct endodermal lineages and that differential ERK activity
underlies the differences in phenotypic consequences caused
by loss of centrioles.

RESULTS

Epithelial centrioles are essential for lung branching but
dispensable for intestinal development

To test whether centrioles are essential for the proliferation of
quickly growing cells such as the endodermal epithelium, we
used Shh®™® to conditionally delete Cenpj, the ortholog of
C. elegans sas-4 throughout the endoderm. Centrioles were
identified by staining for the centriolar protein FOP (FGFR10P),
and epithelia were identified by staining for E-cadherin (CDH1).
Centrioles were present in mesenchymal and epithelial cells in
control (Shh®™® Cenpj*/'°¥) lungs and intestines but absent spe-
cifically from the endodermal epithelia of mutant (Shh®™ Cen-
pi~° lungs and intestines (Figures 1A and 1B), indicating that
CENPJ is essential for centriole biogenesis in the endoderm.

To confirmthat we had successfully removed centrioles from the
endoderm, we used serial-section transmission electron micro-
scopy (TEM). Control lung and intestinal epithelial cells contained
centrioles, recognized by their characteristic 9-fold symmetry (Fig-
ures 1C and 1D). In contrast, Shh®™® Cenpj "' lung and intestinal
epithelial cells possessed no centrioles (Figures 1C, 1D, S1, and
S2). Shh®™® induced recombination of the tdTomato reporter
throughout the endoderm (Figure 1E), suggesting that the endo-
derm of Shh®™® Cenpj~"°* embryos is acentriolar.

At E16.5, the gross appearance and length of Shh®™® Cenpj ™
ox small intestines were indistinguishable from those of controls
(Figures 1E and 1F). In marked contrast, Shh°™ Cenpj~"°* lung
development was dramatically perturbed. Thus, endodermal
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centrioles are essential for lung development but dispensable
for intestine development.

During embryogenesis, the lung epithelium branches and ram-
ifies into its surrounding mesenchyme (Metzger et al., 2008).
Wholemount E11.5 lungs stained for CDH1 revealed that both
control and mutant mouse embryos possessed four major lobes
on the right side (right cranial [RCr], right middle [RMd], right
accessory [RAc], and right caudal [RCd]) and three main second-
ary branches on the left lobe (L1-L3). At E12.5, the major lobes of
mutant lungs had failed to branch (Figure 1G).

Lungs grow throughout embryogenesis. Measuring EdU
incorporation revealed that cell-cycle engagement in the lung
epithelium does not depend on centrioles and that Shh°"™® Cen-
pi~"°* lungs grow throughout all lung developmental stages until
birth (Figure 1H). Mutant pups died at birth, attributable to dis-
rupted lung development. Therefore, endodermal centrioles
are not essential for proliferation but are critical for lung
branching.

Development of lung SOX2-expressing cells depends

on CENPJ

The embryonic lung epithelium comprises two main populations,
the SOX2-expressing proximal airway epithelium cells (trachea,
bronchi, and bronchioles) and SOX9-expressing progenitors at
the distal bud tips. During the pseudoglandular stage (E12-
E16.5 in mouse), the lung distal tip cells proliferate rapidly to
give rise to both the repetitively branching outgrowths and the
more proximal SOX2-expressing bronchiolar epithelium that
form the conducting airways of the lung (Alanis et al., 2014; Raw-
lins et al., 2009).

To analyze cell differentiation during lung branching morpho-
genesis, we stained E12.5 to E15.5 wholemount lungs for SOX9
and SOX2. During control lung development, SOX9-expressing
cells remained restricted to ramifying distal tips, and there was a
concomitant increase in SOX2-expressing bronchioles (Figure 2A,
upper panel). Shh°™® Cenpj~"°* lungs developed major lobes,
comparable with control lungs. However, in mutant lungs, SOX9-
expressing cells expanded and, consistent with the absence of
branching, were not constrained to distal tips (Figure 2A).

In addition to SOX9, distal epithelial cells express NKX2-1
(also known as TTF1) and SFTPC (Beers et al., 1992; Lazzaro
et al., 1991). We examined their expression and found that
Shh®"™ Cenpj~""°* lung epithelia expressed both (Figures S3A-
S3C). These findings confirm that centrioles are not essential
for the distal epithelial lung fate.

Early (E12.5) in lung development, mutant lungs contained
fewer SOX2-expressing cells than control lungs, and mutant

(C and D) Transmission electron microscopy of E16.5 control (Shh®"™® Cenpj*'°) and Cenpj loss-of-function (Shh®™® Cenpj /%) lung (C) and small intestine (D)
epithelium. Other images from these serially sectioned lung cells are included in Figures S1 and S2. No centrioles were detected in Shh°™ Cenpj~°* lung and
intestinal epithelial cells. Scale bars, 2 um.

(E) Gross appearance of the hearts, lungs and intestine from the control (Shh®™ Cenpj*'°* Rosa267°™a!) and Cenpj loss-of-function (Shh°™ Cenpj "% Ro-
5a26'97°mat%) empryos at E16.5.

(F) Statistics of the length of control (CTL, Shh®™® Cenpj*"°) and Cenpj loss-of-function (cKO, Shh®™ Cenpj~"°%) small intestine. # denotes no statistical sig-
nificance, p = 0.1292, n = 5 for CTL, and n = 4 for cKO.

(G) Wholemount immunostaining of control (Shh®™® Cenpj*/'°%) and Cenpj loss-of-function (Shh°™ Cenpj~"°*) lungs for CDH1 at E11.5, E12.5, E13.5, E14.5, and
E18.5. Dashed lines outline the major lobes including right cranial (RCr), right middle (RMd), right accessory (RAc), right caudal (RCd), and left (L) lobes. Scale
bars, 1 mm.

(H) Measurement of EdU incorporation into replicating DNA of E12.5 control (Shh°™ Cenpj*/'™*
# denotes statistical insignificance, p = 0.1648. n =9, 11, 16, and 8, respectively.

) and Cenpj loss-of-function (Shh®"® Cenpj~"'°%) lung epithelium.
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Figure 2. Centrioles are required for the development of SOX2-expressing lung epithelium

(A) Wholemount immunostaining of E12.5, E13.5, E14.5, and E15.5 control (Shh®™® Cenpj*"'®) and Cenpj loss-of-function (Shh®™® Cenpj /%) lungs for SOX2
(magenta) and SOX9 (cyan). The schematic (right) illustrates the expression of SOX2 in the trachea, bronchi, and bronchioles and of SOX9 in the tracheal rings and
distal tip progenitors of lung. Scale bars, 1 mm.

(B) Quantification of the percentage of epithelium expressing SOX2. Maximum projection images of wholemount staining from (A) were analyzed (n = 3).

(legend continued on next page)
Developmental Cell 56, 3334-3348, December 20, 2021 3337
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lungs were devoid of SOX2-expressing cells by E14.5 (Figure 2A).
Measurement of the percentage of SOX2-expressing cells in the
epithelium showed a gradual reduction from E12.5 and total loss
of SOX2-expressing cells by E14.5 (Figure 2B). The absence of
CDH1 at the trachea/bronchi confirmed the loss of SOX2-ex-
pressing epithelium by E14.5 (Figure 2C). Thus, CENPJ is essen-
tial for distal SOX9-expressing progenitors to give rise to SOX2-
expressing bronchiolar epithelial cells.

Endodermal cilia are dispensable for lung branching
morphogenesis

One critical function of centrioles is to support the formation of
the primary cilium, a cellular antenna important for lung develop-
ment (Abdelhamed et al., 2015; Dyson et al., 2017). Primary cilia,
identified by staining for the ciliary component ARL13B, were
associated with centrosomes, identified by staining for yTubulin
(YyTUB) (Figure 2D). Both lung mesenchymal and epithelial cells
possessed cilia during development (Figure 2D).

To investigate whether the role of centrioles in lung branching
is mediated through ciliogenesis, we investigated whether lung
branching depends on cilia. We removed IFT88, a component
of intraflagellar transport machinery essential for ciliogenesis
and ciliary maintenance (Davenport et al., 2007) throughout the
endoderm by generating Shh®" Ift88~/'°* embryos. As expected,
Shh®™ Ift88'°* lungs possessed cilia on their mesenchymal
cells but not on their epithelial cells, indicating that removing
IFT88 from the endoderm abrogates ciliogenesis in the devel-
oping lung epithelium (Figure 2D).

Wholemount staining of E13.5 and E16.5 control and Shh®™
Ift88~""°% lungs revealed that branching was indistinguishable
(Figure 2E). Impressively, Shh®™® ft88°* mice were viable
through adulthood, indicating that endodermal cilia are not
essential for lung function. Interestingly, limb digits 4 and 5 of
Shh®™ Ift88"°% mice were atrophied (Figures S4B and S4D).
As digits 4 and 5 are generated from the domain of Shh expres-
sion, the zone of polarizing activity (ZPA) (Ahn and Joyner, 2004),
cilia transduce Hedgehog signals within the ZPA. As endodermal
cilia are dispensable for lung branching, we conclude that centri-
oles function in lung branching independent of their role in
ciliogenesis.

SOX2 is dispensable for lung branching morphogenesis
Deletion of SOX2 in part of the endoderm disrupts lung develop-
ment (Que et al., 2007). Therefore, we hypothesized that the
abrogation of SOX2 expression in Shh®™® Cenpj~°* lungs
blocked branching in acentriolar lungs. To test this hypothesis,
we removed SOX2 throughout the endoderm by generating
Shh®™® Sox2'°'** embryos.

Developmental Cell

We stained wholemount lungs from Shh®® Sox2'°'°% and
littermate control embryos for SOX2, SOX9, and CDH1. As ex-
pected, SOX2 was expressed in the developing trachea,
bronchi, and bronchioles of control lungs and was absent from
Shh® Sox2'°°% lungs at E12.5 (Figure 2F). CDH1 and SOX9
staining revealed that lung branching was unaffected in Shh®"®
Sox2''° Jungs (Figure 2F). Thus, compromised expression of
SOX2 does not recapitulate the lung branching defect caused
by loss of CENPJ.

In addition to SOX2, bronchiolar epithelial cells express the
transcription factor p73 (Marshall et al., 2016; Nemajerova
et al., 2016). As expected, p73 and SOX2 were coexpressed in
the bronchiolar epithelium of control E16.5 lungs (Figures S3E
and S3F). In contrast, Shh®™ Cenpj~"°% lungs were devoid of
p73-expressing cells (Figures S3E and S3F). These results
confirm that CENPJ is required for bronchiolar epithelial forma-
tion and raise the possibility that SOX2- and p73-expressing
cells critically depend on centrioles.

Loss of CENPJ in the endoderm activates p53 and
apoptosis

As neither the absence of cilia nor loss of SOX2 function could
account for how centriole loss disrupts lung branching, we
analyzed the transcriptomes of control and Shh®™® Cenpj "
lungs using RNA-seq. To identify gene expression changes
caused by loss of centrioles and not cilia, we compared RNA-
seq transcriptomes of control (Shh®™ Cenp;j*"'®), cilia-disrupted
(Shh®r Ift88°%), and centriole-disrupted (Shh®™ Cenpj~"'°%)
lungs at E11.5, a time point prior to the emergence of a branching
defect in acentriolar lungs (Table S1).

Genes differentially expressed in acentriolar lungs compared
with control and cilia-disrupted lungs (in which branching is un-
affected) are presented in a heatmap (Figure 3A). The fold
changes and adjusted p values (FDR) of genes differentially ex-
pressed in acentriolar lungs are presented as a volcano plot (Fig-
ure 3B). Sox2 was the most downregulated protein-coding gene
in Shh°"™® Cenpj~'°* lungs, providing an orthogonal confirmation
of the decrease of SOX2-expressing cells. Target genes of the
WNT pathway (e.g., Axin2 and Bmp4) and FGF pathway (e.g.,
Etv4 and Etv5) were not significantly changed, suggesting that
these developmental pathways were unaffected in Cenpj mutant
lungs (Figure 3B).

The genes most significantly upregulated in Shh®"® Cenpj
lungs included p53 target genes such as p21 (Cdkn1a), EdaZr,
Tap, Ccng1, Zfp365, Ddit4l, Dcxr, and Klhdc7a (Allen et al.,
2014; Bowen et al., 2019; Brosh et al., 2010; Forsberg et al.,
2013; Turrell et al.,, 2017; Zhu et al., 1999) (Figure 3B). We
confirmed the differential expression of p21, Eda2r, Ccngl,
and Sox2 by qRT-PCR (Figure 3C), further suggesting that p53

—/lox

(C) Immunostaining of CDH1 in frozen sections of E14.5 control (Shh°™ Cenpj*"') and Cenpj loss-of-function (Shh°™® Cenpj %) lungs. Images are of sections
through the trachea and esophagus. White dashed lines outline the trachea. Scale bars, 100 um.

(D) Immunostaining of E13.5 control (Shh®™ Ift88*/°) and Ift88 loss-of-function (Shh™ Ift88"°%) lung sections for cilia (ARL13B, yellow), centrosomes (yTubulin,
vTUB, magenta), epithelium (CDH1, cyan), and nuclei (Hoechst, gray). Scale bars, 10 um.

(E) Wholemount immunostaining of E13.5 and E16.5 control (Shh®™ Ift88*/'°%) and Ift88 loss-of-function (Shh®" Ift88 /'°%) lungs for CDH1. Dashed lines outline the

major lobes. Scale bars, 1 mm.

(F) Wholemount immunostaining of E12.5 control (Sox2'°"°%) and Sox2 loss-of-function (Shh®"® Sox2'°*°%) lungs for SOX2 (magenta), SOX9 (cyan), and

epithelium (CDH1, yellow). Scale bars, 1 mm.
See also Figures S3 and S4.
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Figure 3. Centriole loss in endoderm activates p53-dependent apoptosis

(A) Heatmap of E11.5 control (Shh®™® Cenpj*/'*®), Ift88 loss-of-function (Shh®™ Ift88 "), and Cenpj loss-of-function (Shh®™ Cenpj ") lung RNA-seq. Some
significant differentially expressed genes from Cenpj loss-of-function (Shh®™® Cenpj~"°%) lung against control (Shh®™® Cenpj*"'®), Ift88 loss-of-function (Shh°™
1ft88 /1) lungs were listed in heatmap. Cdkn1la (p21) and several other p53-induced genes are specifically upregulated upon loss of CENPJ.

(legend continued on next page)
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is active in Shh®™® Cenpj~"°* lungs. The expression of the gene
encoding p53, Trp53, was unaffected in acentriolar lungs,
consistent with p53 activity being principally controlled post-
transcriptionally.

To determine whether p53 was activated in the endoderm, we
stained control and Shh®™® Cenpj~""°* lungs and small intestine
for p53. p53 was nearly undetectable in control lungs and small
intestine and dramatically increased in nuclei of Shh®"™ Cenpj ™
X Jung epithelial cells (Figures 3D and 3E). Similarly, the estab-
lished p53 target, p21, was also upregulated in the nuclei of
Shh®™ Cenpj~""* lungs (Figures 3F and 3G).

In parallel with the analysis of lung transcriptomes, we con-
ducted RNA-seq analyses of control (Shh®™® Cenpj*"'™), cilia-
disrupted (Shh®'® Ift88~"°%), and centriole-disrupted (Shh°™
Cenpj~°%) E11.5 small intestines. Compared with the lungs,
loss of CENPJ perturbed gene expression more modestly in
the intestine (Table S2). Despite the less significant effect of
loss of centrioles on intestinal gene expression, we examined
whether p53 was activated in the acentriolar intestinal epithe-
lium as it was in the lung epithelium. Nuclear p53 was present
at negligible levels in control E13.5 intestines and upregulated
in the intestinal epithelium of Shh°"™ Cenpj~"°* embryos (Figures
3H and 3l). Thus, despite the dramatically different effects on
lung and intestinal development, loss of centrioles activates
p53 in both tissues.

p53 activation can induce apoptosis (Aubrey et al., 2018). To
begin to assess whether p53-triggered apoptosis could account
for the loss of SOX2-expressing cells and branching in Shh°™
Cenpj " lungs, we assessed the presence of cleaved Cas-
pase3 (CC3). Cleaved Caspase3 was almost undetectable in
control lungs and dramatically upregulated specifically in the
epithelium of Shh®™® Cenpj~""°* lungs (Figures 3J and 3K). Quan-
titating the spatial distribution of apoptotic cells revealed
dramatically elevated levels in the proximal Shh®™® Cenpj~"'°
lungs and more mild increases in the distal lungs (Figures 3J
and 3K). The high levels of apoptosis, therefore, correlate with
the presence of SOX2-expressing cells in the developing trachea
and bronchi (Figures 2A and 2B). Therefore, we hypothesized
that loss of centrioles induced p53-mediated apoptosis in the
proximal regions of the developing lung to disrupt branching.
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Removing p53 restores branching to acentriolar lungs
Totest whether p53 activation underlies the lung branching defect,
we generated Shh®™ Cenpj™""** p53~~ lungs. Mice lacking p53
are viable and did not display discernible differences in lung
morphology, indicating that p53 is not required for lung develop-
ment (data not included). We stained wholemount lungs from
E15.5 control, Shh®™ Cenpj %, and Shh®™ Cenpj"°*p53~'~ em-
bryos for SOX2 and SOX9. As observed previously, loss of CENPJ
disrupted lung branching and led to loss of SOX2-expressing
epithelial cells. In stark contrast, Shh®™® Cenpj "% p53~'~ lungs
displayed lung branching indistinguishable from those of control
mice (Figure 3L). In addition, removal of p53 restored SOX2-ex-
pressing airway cells to Shh®™® Cenpj "% lungs. Impressively,
Shh®™ Cenpj~""°* p53~"°* mice were viable through adulthood
(Figures S4A and S4C). As removing p53 entirely rescued lung
development in Shh®™® Cenpj"°* p53~/~ mice, we conclude
that, in the absence of p53, centrioles are dispensable throughout
the endoderm for lung development and animal viability.

Interestingly, Shh®™® Cenpj "% p53~"'°% mice exhibited atro-
phic digits 4 and 5, similar to those of Shh®™ [ft88"°* mice (Fig-
ures S4A-S4D). The finding that both centrioles and cilia are
essential in limb bud cells to generate digits, regardless of
whether p53 is active, is consistent with an essential role for cen-
trioles in generating the primary cilia required to interpret the
Hedgehog cues essential for digit development (Huangfu and
Anderson, 2005).

The finding that inhibiting p53 restores lung branching to acen-
triolar lungs reveals that p53 activation disrupts branching.
Lungs branch as the distal fields of SOX9-expressing progeni-
tors are bifurcated and as proximal field progenitors differentiate
into SOX2-expressing airway epithelium (Alanis et al., 2014;
Rawlins et al., 2009). Centriole loss activates p53 to induce
apoptosis preferentially depleting the SOX2-expressing cells.
We propose that the loss of these SOX2-expressing cells in
the distal airway prevents bifurcation of the progenitor field
and thereby disrupts branching (schematized in Figure 3M).
These findings raise the interesting question of why centrioles
are essential for SOX2-expressing lung cells but dispensable
for SOX9-expressing lung cells and intestinal epithelial cells,
despite the shared activation of p53.

(B) Volcano plot comparing log, fold change of normalized RNA-seq reads for E11.5 Cenpj loss-of-function (Shh®™® Cenpj~'°%) with control (Shh®"® Cenpj*"°%)
lungs. The dashed line denotes the p = 0.05 cutoff. Selected genes upregulated > 2 fold were indicated in red, and selected genes downregulated >2 fold were
indicated in blue (FDR < 0.05).

(C) gRT-PCR measurement of Cdknta (p21), Ccng1, Eda2r, and Sox2 expression in E13.5 control (Shh®™® Cenpj*"°*) and Cenpj loss-of-function (Shh°™
Cenpj ") lungs. Sox2 was downregulated and Cdkn7a (p21), Ccng1, and Eda2r upregulated upon loss of CENPJ. n = 4, 4, 4, 4, 3, and 3, respectively, for the
control groups; n = 3, 4, 4, 4, 3, and 3, respectively, for Cenpj loss-of-function groups.

(D and E) Staining (D) and quantification (E) of p53 in E12.5 control (CTL, Shh®™ Cenpj*"') and Cenpj loss-of-function (cKO, Shh°™ Cenpj"°%) lung cryosections.
Scale bars, 20 pm. Four independent replicates were analyzed for statistics.

(F and G) Staining (F) and quantification (G) of p21 in E12.5 control (Shh°™ Cenpj*/°) and Cenpj loss-of-function (Shh°™ Cenpj ") lung cryosections. Scale bars,
20 um. Four and three independent replicates for SOX9+ and SOX2+, respectively, were analyzed for statistics.

(H and 1) Staining (H) and quantification (I) of p53 in E12.5 control (Shh®"® Cenpj*'**) and Cenpj loss-of-function (Shh°™ Cenpj~'°) small intestine cryosections.
Scale bars, 50 um. n = 10 and 6 for CTL and cKO, respectively.

(J and K) Staining (J) and quantification (K) of cleaved Caspase3 (CC3, green) in E12.5 control (Shh®"® Cenpj*/®) and Cenpj loss-of-function (Shh°™ Cenpj~"°%)
lungs. Epithelia (CDH1, red) are outlined by the dashed line. Arrows indicate the distal region of Cenpj loss-of-function lung, and arrowheads indicate the proximal
part. Scale bars, 1 mm. n = 3.

(L) Wholemount immunostaining of E15.5 control (Shh®™ Cenpj*/'*), Cenpj loss-of-function (Shh°™ Cenpj~"'°%), Cenpj and p53 combined loss-of-function (Shh°"®
Cenpj " p53~/7) lungs for SOX2 (magenta) and SOX9 (cyan). Scale bars, 1 mm.

(M) A schematic showing the proposed mechanism by which centrioles participate in lung branching. In the absence of centrioles, proximal SOX2-expressing, but
not distal SOX9-expressing, cells activate p53 to trigger apoptosis.

See also Figure S4 and Tables S1 and S2.
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Figure 4. ERK activity correlates with survival of acentriolar cells
(A-C) Immunostaining (A and B) and quantification (C) of phospho-ERK (pERK) in E12.5 control (Shh®" Cenpj*/'°%), Cenpj loss-of-function (Shh°™ Cenpj "), and
Cenpj and p53 combined loss-of-function (DKO, Shh®™® Cenpj "% p53~'~) lung sections. pERK was costained with SOX9 (A) or SOX2 (B), respectively. Scale
bars, 50 pm. Data from 4 independent experiments for control and Cenpj loss of function were analyzed in the super plot; n = 6 for Shh®™ Cenpj "% p53~/~ from
one experiment.
(legend continued on next page)
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In the lung, ERK activity is restricted distally, whereas in
the intestine, it is widespread

The loss of SOX2-expressing epithelial cells with the concomi-
tant expansion of SOX9-expressing epithelial cells in acentriolar
lungs suggested that some factors conferred tolerance to loss of
centrioles in the SOX9-expressing progenitors at the distal
developing lung buds. The signaling factor FGF10 is present
specifically at the distal developing lung buds where it maintains
the progenitor pool and drives bud growth (Arman et al., 1999;
Bellusci et al., 1997; Min et al., 1998; Sekine et al., 1999; Volck-
aert et al., 2013). FGF signaling phosphorylates and activates
ERK at the distal lung buds (Liu et al., 2004). Like FGF10,
ERK’s function in the lung epithelium is critical for lung develop-
ment (Boucherat et al., 2014). Therefore, we investigated the
possibility that ERK protects acentriolar cells from p53-mediated
apoptosis.

As expected, phosphorylated ERK (pERK) was present in the
distal tips of developing control lung buds overlapping with the
SOX9-expressing progenitors (Figures 4A and 4C). pERK was
not detected in the SOX2-expressing airway epithelium of con-
trol lungs (Figures 4B and 4C). In contrast, pERK was distributed
throughout the epithelium of Shh®™ Cenpj~'** lungs (Figures 4A
and 4C). Immunoblot for pERK confirmed that E13.5 Shh®"™ Cen-
i~ lungs possess increased ERK activity (Figure 4H). Thus,
ERK is active in surviving acentriolar cells, and in Shh®™® Cen-
pj "o lungs, corresponding with the expansion of SOX9-ex-
pressing progenitors and the loss of SOX2-expressing epithelial
cells.

In Shh®"™ Cenpj~"°* p53~~ lungs, pERK distribution pattern is
restored to that of control lungs (Figures 4A and 4C). Thus,
removing p53 both restores SOX2-expressing cells to acentriolar
lungs and restores pERK-negative cells, consistent with the role
for ERK activity in protecting against p53-mediated apoptosis.

Interestingly, Fgf10 expression was also expanded in Shh®™
Cenpj " lungs and restricted to the distal lung buds of control
lungs (Figures 4D and 4E). Thus, the preferential survival of
Fgf10-expressing distal lung cells may account for the expan-
sion of pERK in Shh®™® Cenpj~""°* lungs.

Unlike the lungs, both control and Shh®™® Cenpj intestinal
epithelia displayed broad pERK distribution at both E13.5 and
E17.5 (Figures 4F and 4G). Therefore, unlike the developing lungs
where ERK activity is spatially restricted, ERK activity is wide-
spread in the epithelium during intestinal development. Also unlike
the case for the lung, immunoblot for pERK revealed no difference
in ERK activity in E13.5 Shh®™ Cenpj "% intestines (Figure 4H).
The distribution of ERK activity in both developing lung and small
intestine is schematized in Figure 41, highlighting that ERK activity
is restricted to the distal buds in the lungs and widespread in the
developing intestine and raising the possibility that increased
pPERK underlies the selective survival of acentriolar cells.

—/lox
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ERK suppresses p53-dependent apoptosis in

acentriolar lung progenitors

To test whether different ERK activity levels explain the different
responses to loss of centrioles, we used SCH772984, a well-
characterized and highly selective ERK antagonist (Chaikuad
et al., 2014; Morris et al., 2013). Consistent with its ability to
inhibit ERK, SCH772984 dramatically inhibited the growth and
branching of epithelia of cultured lungs (Figures 5A-5C). In
contrast, other kinase inhibitors, such as p38 MAPK inhibitor
BIRB 796 (Pargellis et al., 2002) or JNK inhibitor JNK-IN-8
(Zhang et al., 2012), did not block the growth of cultured lungs
(Figures 5A-5C). Thus, pharmacological inhibitors of ERK, like
genetic inactivation (Boucherat et al., 2015b), disrupt lung
branching. Although branching is already compromised in
Shh®® Cenpj™°* lungs, the addition of SCH772984 inhibited
their growth, similar to control lungs (Figures 5A-5C), further sug-
gesting that acentriolar cells depend on ERK activity.

To more quantitatively assess whether ERK activity sustains
acentriolar lung and intestinal epithelial cells, we generated
lung and intestinal epithelial organoids. More specifically, we
generated Shh®™® Cenpj*'* Rosa26'97°Ma Sox9FP (control)
and Shh®™ Cenpj "% Rosa26'9T°Mat Sox9%FF (mutant) embryos
that selectively express tdTomato throughout the endoderm.
Progenitors from isolated lungs of both E12.5 control and mu-
tants (Nichane et al., 2017) grew into sphere-shaped organoids
(Figures 5D and S5A). SCH772984 reduced the growth of both
control and acentriolar organoids (Figures 5D, S5A, S5B, S5D,
S5E, S5F, S5G, S5H, and S5I). In addition to reducing organoid
size, SC772984 blocked the ability of acentriolar progenitors to
grow into sphere-like structures (Figure 5D). We also observed
the reduction of Sox9-IRES-GFP expression in acentriolar orga-
noids and SCH772984-treated control organoids, indicating the
role of ERK activity in maintaining the expression of progenitor
markers (Figures 5D, S5A, and S5C). Inhibiting ERK with
SCH772984 did not affect apoptosis in control lung organoids
(Figures 5E and 5F). However, in acentriolar lung organoids,
SCH772984 dramatically activated apoptosis throughout the
epithelium (Figures 5E and 5F). Thus, ERK activity is essential
for lung progenitors to survive without centrioles.

We returned to consider the mystery of why CENPJ is critical
for lung development but dispensable for intestinal development
and hypothesized that widespread ERK activity protects acen-
triolar intestinal cells. To test whether ERK protects acentriolar
intestinal cells from apoptosis, we generated intestinal epithelial
organoids from E13.5 Shh®™® Cenpj*'°* Rosa26'T°ma® gnd
Shh®™® Cenpj™""°* Rosa26'T°M° embryos by culturing the
epithelial progenitors in Matrigel (Andersson-Rolf et al., 2014).
As with lung organoids, inhibiting ERK with SCH772984 did not
affect apoptosis in control intestinal organoids (Figures 5G and
5H). And again, as with lung organoids, SCH772984 induced

(D) gRT-PCR measurement of Fgf9, Fgf10, and Fgfr2 expression in E13.5 control (Shh®™ Cenpj*"'°) and Cenpj loss-of-function (Shh®"™® Cenpj ") lungs. Fgf10
was upregulated. Data from 3 independent experiments were analyzed in super plot.

(E) In situ hybridization of Fgf10 in E12.5 control (Shh®"® Cenpj*'°%) and Cenpj loss-of-function (Shh®"® Cenpj~"°*) lungs. Scale bars, 1 mm.

(F and G) Immunostaining of phospho-ERK (pERK) in E13.5 (F) and E17.5 (G) control (Shh®™ Cenpj*°) and Cenpj loss-of-function (Shh®™ Cenpj~"*%) small
intestine sections. Inlets depicted magnified view of epithelium. Scale bars denote 50 and 100 um, respectively.

(H) Immunoblots of phospho-ERK (pERK) and total ERK (ERK) in control (Shh®" Cenpj*"'°%) and Cenpj loss-of-function (Shh®"® Cenpj~"°*) lung and small intestine

at E13.5. We quantified the ratio of pERK:ERK densitometry. n = 3.

(I) A schematic showing the distribution of ERK activity (magenta) in developing lungs and intestine.
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Figure 5. ERK activity protects acentriolar cells from p53-dependent apoptosis

(A) Control (Shh®™ Cenpj*"') and Cenpj loss-of-function (Shh°™ Cenpj ") lungs were isolated at E11.5 and cultured on a semi-permeable membrane. Control
lungs were treated with DMSO, SCH772984, BIRB 796, or JNK-IN-8 for 48 h. Cenpj loss-of-function lungs were treated with DMSO or SCH772984 for 48 h.
Images were taken every 24 h. Scale bar, 1 mm.

(legend continued on next page)
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apoptosis specifically in acentriolar intestinal organoids (Figures
5G and 5H). The growth of control and acentriolar intestinal orga-
noids was similar to that of lung organoids with and without
SCH772984 treatment (Figures S5C and S5D). These results
demonstrate that ERK activity protects both intestinal and lung
epithelium from apoptosis in the absence of centrioles.

Loss of centrioles activates p53 throughout the lung (Figures
3D and 3F), whereas ERK is activated specifically in the distal
lung, suggesting that ERK activity does not affect the levels of
p53. ERK activation is similar in control and Shh®™® Cenpj "
p53‘/‘ lungs (Figure 4A), indicating that p53 does not directly
affect ERK activity. Therefore, we propose that ERK and p53
act in parallel, with loss of centrioles inducing p53 activation
and cell death specifically when ERK activity is low (Figure 5I).
Thus, in the endoderm, the developmental consequences of
centriole loss and p53 activation are shaped by ERK. In the pres-
ence of ERK activation, as in SOX9-expressing lung epithelium
and intestinal epithelium, cells tolerate loss of centrioles and
p53 activation. However, without ERK activity, as in SOX2-ex-
pressing lung epithelium, loss of centrioles activates p53 to
induce apoptosis.

DISCUSSION

Centrioles are essential for the proliferation of many animal cells
in vitro and in vivo (Bazzi and Anderson, 2014; Doxsey et al.,
2005; Faisst et al., 2002; Hudson et al., 2001; Izraeli et al.,
1999; Rieder et al., 2001; Stevens et al., 2009; Tang et al.,
2011; Wong et al., 2015). For example, centrioles are critical
for early divisions in both C. elegans and Drosophila develop-
ment (Rodrigues-Martins et al., 2008; Schwarz et al., 2018; Ste-
vens et al., 2007). However, not all cell division requires centri-
oles. For example, the earliest divisions of mouse development
occur without centrioles (Bangs et al., 2015; Dumont and Desali,
2012), later Drosophila divisions do not depend on centrioles
(Basto et al., 2006), planaria cells divide without centrioles (Azim-
zadeh et al., 2012), and plants do not have centrioles (Brown and
Lemmon, 2011).

Previous work shows the absence of centrioles causes cell
death in rapidly proliferating mammalian lineages (Bazzi and An-
derson, 2014). Therefore, we examined the function of the roles
of centrioles in the endoderm, focusing on the lung and small in-
testine epithelium, two rapidly proliferating endodermal lineages

Developmental Cell

(Miller et al., 1999). To our surprise, genetically removing centri-
oles from the endoderm had profound effects on one lineage
(lung) but not another (intestine). Loss of centrioles in the lung
epithelium blocked all branching after the formation of the major
divisions, whereas the equivalent perturbation did not disrupt in-
testinal development.

Upon investigating why centrioles are differentially required for
lung and intestine development, we discovered that, while loss
of centrioles activated p53 in both, the phenotypic conse-
quences of p53 activation were distinct. Indeed, even within
the lung, activated p53 disrupted the formation of SOX2-ex-
pressing airway cells, but not of SOX9-expressing progenitors.

SOX2-expressing cells differentiate from SOX9-expressing
progenitors and are present more proximal to the progenitors
in the developing trachea, bronchi, and bronchioles. While we
demonstrated that SOX2 itself is dispensable for lung branching,
we propose that the SOX2-expressing cells themselves are crit-
ical to bifurcate the progenitor populations and create individual-
ized buds. Consistent with this proposal, other mutations that
decrease the number of SOX2-expressing cells also cause
branching defects, although less profoundly than that caused
by loss of CENPJ (Boucherat et al., 2015a; Li et al., 2018; Lin
et al., 2017; Mahoney et al., 2014). Therefore, we propose that,
in acentriolar lungs, the loss of SOX2-expressing cells prevents
division of the progenitor pool, and the main lung divisions
develop as large SOX9-expressing cysts. Perhaps the
decreased ERK activity in SOX2-expressing cells causes
branching by altering growth at branchpoints.

Removing p53 dramatically rescued the development of acen-
triolar lungs, even restoring viability. In contrast, limb develop-
ment was not restored by removing p53 and the limb patterning
defect was recapitulated by removing cilia, indicating that cilia
are essential for limb development independent of p53 activity.
Moreover, removing cilia in the endoderm did not affect lung
morphogenesis. Together, these results confirm that centrioles
are essential for cilium-mediated signaling but that cilia and
ciliary signaling are not critical for lung patterning. In brain devel-
opment, removing p53 only partially rescued phenotypes
caused by loss of centrioles (Lin et al., 2020). In contrast, the crit-
ical function of centrioles in lung morphogenesis is to restrain
p53 activity.

Activation of p53 has different developmental consequences
in different tissues (Bowen et al., 2019). The factors that dictate

(B and C) We measured the number of branches (B) and epithelial extension (C) of the lungs from (A). The fold change of epithelial extension was normalized to that
immediately before the addition of the indicated compounds (i.e., at 0 h). DMSO treatment was compared with BIRB 796, JNK-IN-8, or SCH772984 treatment
within the same genotype using unpaired t test. n = 3.

(D) Visualization of GFP and tdTomato fluorescence in control (Shh®™ Cenpj*/'°* R2617°mat° Sox9%FF) and Cenpj loss-of-function (Shh®" Cenpj~"'°* R26tTomat
Sox9%FF) lung organoid culture cryosections. Scale bar, 50 um. Note: parameters of GFP fluorescence were adjusted in each group for better visualization.

(E and F) Staining (E) and quantification (F) of cleaved Casp3 (CC3) in control (Shh®™ Cenpj*'°* R2697°™a%° S0x9%FF) and Cenpj loss-of-function (Shh® Cenpj ~"°*
R26'Temate 5ox9%FP) lung organoid culture cryosections. Inlets show the magnified view of cleaved Casp3 staining. Scale bar, 50 pm. DMSO treatment was
compared with SCH772984 treatment within the same genotype, and a different genotype with the same treatment was compared using unpaired t test. n=6, 12,
8, and 5, respectively.

(G and H) Staining (G) and quantification (H) of Cleaved Casp3 (CC3) stained in control (Shh®™ Cenpj*/'* R26°7°™a°) and Cenpj loss-of-function (Shh°™ Cenpj ">
R26'7°mato) intestinal organoid culture cryosections. Inlets show cleaved Casp3 staining. Scale bar, 20 um. DMSO treatment was compared with SCH772984
treatment within the same genotype, and a different genotype with the same treatment was compared using unpaired t test. n = 5, 4, 4, and 5, respectively.

(I) A schematic illustrating the differential responses of lung epithelial cells to loss of centrioles. Loss of centrioles induced p53 activation in the endodermal
epithelium. Acentriolar lung cells with low ERK activity (SOX2-expressing cells) apoptose, whereas acentriolar lung SOX9-expressing progenitors with higher ERK
activity survive and grow.

See also Figure S5.
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this differential impact are not understood but could include dif-
ferences in timing of activation, differences in degree of activa-
tion, or differences in transcriptional context. Removing MDM2
caused a transient upregulation of p53 during early lung develop-
ment in part of the epithelium and modestly increased apoptosis,
disrupted separation of the esophagus and trachea, and delayed
but did not block branching and differentiation of the airway
epithelium (Bowen et al., 2019; Sui et al., 2019). In contrast, we
found that p53 activation caused by loss of centrioles blocked
branching and the differentiation of lung SOX9+ progenitors
into SOX2+ bronchiolar cells. We surmise that loss of centrioles
activates p53 to a greater extent than loss of MDM2.

As we observed that SOX9-expressing cells are relatively
resistant to p53-mediated apoptosis in acentriolar lungs, we
also considered whether their position at the distal bud tips
may be relevant. FGF10 is expressed specifically at the distal
lung buds where it activates ERK (Arman et al., 1999; Bellusci
et al.,, 1997; Liu et al., 2004; Min et al., 1998; Sekine et al.,
1999; Volckaert et al., 2013). We found that ERK was specif-
ically active in a subset of the SOX9-expressing progenitors,
raising the possibility that ERK activation shapes the response
to p53 activation. Consistent with that possibility, pharmaco-
logically inhibiting ERK induced apoptosis specifically in acen-
triolar SOX9-expressing cells. Unlike the lungs, ERK activity in
the intestine is widely distributed, but in this tissue too, inhibit-
ing ERK specifically induced apoptosis in acentriolar cells.
Therefore, we propose that the spatial distribution of ERK activ-
ity shapes the outcome of loss of centrioles. We predict that
ERK activity will also shape the phenotypic outcomes of other
cell stresses that activate p53 and may explain the differential
impacts of centriolar abnormalities and p53 activation outside
the endoderm. For example, centrioles and ERK activity are
both important for brain growth (Basson et al., 2008; Bazzi
and Anderson, 2014; Meyers et al., 1998; Pucilowska et al.,
2012; Raballo et al., 2000; Shi et al., 2014). Perhaps one reason
microcephaly, associated with centriolar defects, affects cere-
bral growth more than the midbrain is that FGF8 protects
midbrain cells from apoptosis.

Mutation of p53 is an extremely common hallmark of diverse
cancers, particularly lung cancers, many of which express
SOX2 (Gibbons et al., 2014; Karachaliou et al., 2013). Centriolar
abnormalities are also common in cancer cells (Marteil et al.,
2018). Our finding that, during development, SOX2-expressing
lung cells apoptose without CENPJ but are rescued by loss of
p53 is consistent with the possibility that, in tumor suppression,
p53 removes cells with centriolar abnormalities. Of course, acti-
vated ERK is another hallmark of diverse cancers, including
some lung cancers (Feldser et al., 2010; Junttila et al., 2010;
Vicent et al., 2004). One prediction of this work on noncancerous
tissues is that cancers that retain wild-type p53, like hepatocel-
lular carcinoma, will either have unaltered centrioles or will
possess oncogenic mutations that activate ERK. Our work
further suggests that ERK activity inhibition could be particularly
efficacious in cancers with retained p53 activity.

Our work reveals that centrioles are differentially required by
different lineages during endoderm development, and spatial
distribution of ERK activity shapes the phenotypic outcomes of
centriole-loss-induced p53 activation.
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Limitations of study

The role of ERK activity in shaping the acentriolar output is re-
vealed by the correlation of ERK activity distribution and survival
pattern and tested by chemically inhibiting ERK in lung and intes-
tinal organoid cultures that have high ERK activity. Confirming
that high ERK activity can protect SOX2+-expressing airway
cells from apoptosis in vivo will require activating ERK activity
in the proximal acentriolar lung.
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download/
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FIJI (Schindelin et al., 2012) https://imagej.net/Fiji
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Lead contact

Requests for further information or reagents can be directed to and will be fulfilled by the Lead Contact, Jeremy Reiter (Jeremy.
Reiter@ucsf.edu ), Department of Biochemistry and Biophysics, Cardiovascular Research Institute, University of California, San
Francisco.

Materials availability
The Cenpj*~ and Cenpj'°* mice generated in this study will be made available upon request. We may require a completed mate-

rials transfer agreement and reasonable compensation by the requestor for its processing and shipping.

Data and code availability
RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession numbers are listed in
the key resources table. Original immunoblot images have been deposited at Mendeley and are publicly available as of the date of
publication. The DOl is listed in the key resources table. Microscopy data reported in this paper will be shared by the lead contact
upon request.

This manuscript did not generate new code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

g:.:;g'e [Shhtm1(E.G.F.P./Cre)Cjt], /ft88lox (lﬂ.88tm1 Bky), SOX2on (SOXZtm1'1Lan), R26thomato [Rosazstm74(CAG—thomat0)Hze/J], SOXQGFP (SOXQIRES—EGFP),
p53 KO (B6.129S2-Trp53™ ™) and p53-F (B6.129P2-Trp53™1B™) alleles have been described previously (Chan et al., 2011; Daven-
port et al., 2007; Harfe et al., 2004; Jacks et al., 1994; Madisen et al., 2010; Marino et al., 2000; Shaham et al., 2009). The knockout first
Cenpji™1aEUCOMMIntsi ES cells were purchased from the European Mutant Mice Repository. The conditional allele (Cenpj®) was generated
by crossing Cenpji™aEUCOMMMWIS ice to Actb:FLPe mice (JAX Stock No: 005703). The null allele (Cenpj’) was generated by crossing the
Cenpj®/* mice to g-actin-Cre mice (JAX Stock No: 019099). C57BL/6J mice (JAX Stock No: 000664) were purchased from Jackson Lab-
oratory. 6-24 week old male Shh®"™ Cenpj*'~, or Shh®™® Cenpj*’~ Sox9% /S P or Shh®™ Cenpj*'~ p53*'~ mice were mated with 6-24 week
old female Cenpj’®/°*, or Cenpj/'°* Rosa26'@Tomato/tdTomato o Ggnpiox/ox n53+/= or Cenpj®/'* p53'91°* mice. 6-24 week old male Shh°™
1ft88*~ mice were mated with 6-24 week old female /t88'>/'* mice. 6-24 week old male Shh®"™ Sox2*°* mice were mated with 6-24 week
old female Sox2'”“'** mice. Embryos were collected in a sex-unbiased manner.

All mice were maintained under specific pathogen-free conditions at the UCSF animal care facility. Mice were cared for, and all
experiments were approved by the Administrative Panel on Laboratory Care, and the Institutional Animal Care and Use Committee
(IACUC) of UCSF Mice were maintained on a normal chow diet.

METHOD DETAILS

Lung and intestinal culture
Lung progenitors from E12.5 control (Shh®"® Cenpj*/'°* R26'9Tomate 5ox9CGFP or ShhC® Cenpj*/'%), Cenpj loss of function (Shh®™ Cen-
pj "' R26tdTemate goxgGFP or ShhC™ Cenpj %), and Cenpj and p53 combined loss of function (Shh®™ Cenpj'* p53~/~) embryos
were isolated and cultured as described (Nichane et al., 2017). Briefly, lungs were digested with collagenase | and I, mixed with 10%
FBS/DMEM and filtered and washed twice in DMEM/F12. GFP+ cells were collected or all the cells were collected and counted.
About 1000 cells were seeded into 40 ul Matrigel in 24-well plate. Twenty minutes after Matrigel solidified, 500 pl culture medium
was added. Twenty-four hours later, the organoid culture was incubated with DMSO or 2.5 uM SCH772984 for 24 hours and then
imaged directly, or subjected to frozen section, immunostaining and imaged using a Zeiss LSM800 confocal laser scanning
microscope.

Embryonic intestinal cells were isolated from E13.5 control (Sh Cenpj and Cenpj loss of function (Shh®™ Cen-

pj % R26'9T°Mat%) embryos and cultured as described (Andersson-Rolf et al., 2014). Briefly, small intestine were cut longitudinally

hCre -+/lox H26thomat0)
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and incubated with 2 mM EDTA for 30 min at 4°C and then digested in 1 ml Trypsin buffer at 37°C for 10 min. Then the samples were
changed to 10%FBS/DMEM and pipetted up and down, then filtered. The cells were washed twice, then about 2000 cells were
seeded into Matrigel. Twenty-four hours after the seeding in Matrigel, the intestinal culture was incubated with DMSO or 2.5 pM
SCH772984 for 24 hours before being imaged for tdTomato fluorescence. Intestinal organoids isolated from control (Shh®™
Cenpj*'°), Cenpj loss of function (Shh®"™® Cenpj~"'°%), and Cenpj and p53 combined loss of function (Shh®™ Cenpj "% p53~/'~) em-
bryos were cultured and treated with DMSO or 2.5 uM SCH772984 for 24 hours, then subjected to frozen section and
immunostaining.

Wholemount lungs isolated from E11.5 control (Shh®™ Cenpj*/'°) and Cenpj loss of function (Shh®™ Cenpj embryos were iso-
lated and cultured as described (Carraro et al., 2010). Briefly, lungs were dissected and isolated at E11.5. Then lungs were placed on
the top of semi-permeable membrane in 24-well plate loaded with 10% FBS/DMEM. The concentrations of the chemical compounds
were used as follows: ERK1/2 inhibitor SCH772984 at 2.5 uM, p38 MAPK inhibitor Doramapimod (BIRB 796) at 10 uM, JNK1/2/3
inhibitor JNK-IN-8 at 10 uM. Images were taken every 24 hours with Zeiss Discovery V12 stereomicroscope.

—/|0X)

Immunostaining

Embryos were immediately fixed in 4% paraformaldehyde at 4°C after dissection. Lung tissue was isolated and further fixed in 4%
paraformaldehyde at 4°C for 2 hours. After fixation, the tissue was washed three times with ice-cold PBS. Then samples were dehy-
drated in 30% sucrose at 4°C overnight before being embedded in OCT and stored at -80°C. 12 um frozen sections were washed
three times with PBS and incubated with primary antibodies diluted in IF buffer (5% donkey serum and 0.3% Triton X-100 in PBS) at
4°C overnight. Then slides were washed five times with IF buffer and incubated with fluorescent secondary antibodies and Hoechst
33342 at room temperature for 2 hours, followed by five washes with IF buffer. Slides were mounted with FluorSave. Confocal images
were obtained with Zeiss LSM800 confocal laser scanning microscope.

For EdU labeling, 600 ul 2.5 mg/ml EAU/D.P.B.S. solution was intraperitoneally injected into pregnant female mice at E11.5. After
15 minutes, the injected females were euthanized, and the embryonic lungs were dissected and fixed in 4% paraformaldehyde at 4°C
for 1 hour. Then the fixed lungs were washed with ice-cold PBS three times and embedded in OCT. Frozen sections were first stained
with primary antibodies, fluorescent secondary antibodies. Then EdU staining was performed according to the manufacturer’s pro-
tocol (C10269, Thermo Fisher Scientific). Slides were washed three times with PBS, and Hoechst was stained for 5 minutes before
being mounted with FluorSave mounting medium.

Wholemount lung staining

Wholemount lung staining was carried out as described previously (Metzger et al., 2008). Briefly, samples were fixed in 4% parafor-
maldehyde for 1 hour. Then, samples were washed in PBS for 3 times and gradually dehydrated to pure methanol. After incubation in
5% H202 in methanol for 5 hours at room temperature, samples were subjected to blocking and permeabilization in 5% dankey
serum/1% Triton/PBS, then incubated with primary antibodies overnight at 4°Cin blocking buffer, washed with blocking buffer for
5 times. Then samples were incubated with fluorescent secondary antibodies overnight at 4°C. Samples were washed and further
fixed in 4% paraformaldehyde for 30 min at 4°C after the staining and then cleared according to the iDISCO protocol. Samples were
stored in DBE and imaged with AZ100 wide field light-sheet microscope at Nikon Imaging Center at UCSF. Images were processed
with Micro-Manager 2.0 gamma and Image J. Max projection of the z-stacks were presented.

Next-generation RNA sequencing and analysis

E11.5 lungs and intestines from control (Shh®®* Cenpj*"'®), Cenpj loss of function (Shh®™* Cenpj'°*) and It88 loss of function
(Shh®re’* Ift88~/1°%) embryos were isolated and homogenized in 1 ml Trizol, followed by mixing with 200 pl chloroform and centrifu-
gation at 12,000 rpm at 4°C for 15 min. The aqueous phase was transferred to new tubes and mixed with an equal volume of pure
ethanol. Then the samples were processed with the QIAGEN RNeasy Micro kit for RNA extraction, followed by library construction at
UCSF Functional Genomics Core Facility. Paired-end 150 bp (PE150) sequencing data were generated on an lllumina NovaSeq 6000.
Differential gene expression among Control, Cenpj loss of function, and /ft88 loss of function lung and intestine were assessed. Dif-
ferential gene expression was called significant if FDR (adjusted p-value) < 0.05.

The common list of differentially expressed genes between control (Shh®™®* Cenpj*'°) and Cenpj loss of function (ShhCr/*
Cenpj~""*) lungs, and between Cenpj loss of function (Shh®®’* Cenpj ') and Ift88 loss of function (Shh®™'* Ift88 /%) lungs were
chosen for heatmap analysis if FDR <0.05 and FC (fold change) >1.5 or FC < 0.67. Gene expression was normalized to the control
group.

Volcano plot was generated from the log,(FC) and FDR of gene expression calculated from Cenpj loss of function (Shh®*
Cenpj ") versus control (Shh®®* Cenpj*"'®¥) lungs. Upregulated genes were highlighted in red if the FDR<0.0.5 and Log,(FC) > 1
(FC>2); downregulated genes were highlighted in blue if the FDR<0.0.5 and Log,(FC)<-1 (FC<1/2).

Quantitative real-time PCR

RNA was extracted using the Trizol and RNeasy Kit (QIAGEN), and cDNA was synthesized using BioRad iScript cDNA synthesis kit
(BioRad, 1708890). Quantitative real-time PCR was performed using PowerUp™ SYBRTM Green Master Mix (Applied Biosystems,
A25742) in TempPlate polypropylene 384-well PCR plates (USA Scientific, 1438-4700) on QuantStudio 5 qPCR machine. Expression
levels were normalized to the geometric average expression of Dolk, Hprt and Pde12.
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Immunoblotting

Lung and small intestine were isolated from E13.5 control (Shh®"* Cenpj and Cenpj loss of function (Shh®™®* Cenpj~"°%) em-
bryos in ice-cold PBS. Then samples were lysed in RIPA buffer supplemented with sufficient protease inhibitor (Roche, cOmplete™
Protease Inhibitor Cocktail, #11697498001) and phosphatase inhibitor (Roche, PhosSTOP, #04906845001). The supernatant was
mixed with 4X loading buffer and heated at 100°C for 10 minutes before being loaded onto PAGE gel for electrophoresis. Then pro-
teins were transferred from PAGE gel to PVDF membrane and incubated with primary antibodies ERK (1:1000) and pERK (1:1000) at
4°C overnight. After five washes with TBST, HRP conjugated secondary antibodies were incubated at room temperature for 1 hour
and washed five times in TBST before being developed for ECL imaging with BioRad ChemiDoc Imager. SuperSignal™ West Pico
PLUS Chemiluminescent Substrate for ERK and SuperSignal™ West Femto Maximum Sensitivity Substrate for pERK were used in
the ECL reaction.

+/|0X)

QUANTIFICATION AND STATISTICAL ANALYSIS

Gut isolated from E16.5 control (Shh©"™ Cenpj*"'°* Rosa26'97°™%) and Cenpj loss of function (Shh®"™ Cenpj~"'°* Rosa26'9T°™a%%) em-
bryos were dissected and placed onto a petri dish. Tissue was linearized to the petri dish by gently removing PBS. Images were taken
along with a ruler under the ZEISS Discovery V12 stereomicroscope. Then the length of the small intestine, as well as ruler, were
measured using the segmented line tool of Imaged. Pixel length was then transformed into millimeters.

The branches of cultured wholemount lungs from control (Shh®™ Cenpj*"'®) and Cenpj loss of function (Shh® Cenpj~"'°*) embryos
were counted based on the images taken every 24 hours. The distance between left and right edges of epithelium was measured with
Imaged. Each measurement was normalized to that of the lungs at O hours immediately before the incubation of indicated
compounds.

Quantification of the immunostaining images was carried out in CellProfiler (version 3.1.9). First, primary objects of "Epithelium,"
“Nuclei,” “SOX2” or “SOX9” were identified from images stained with CDH1, Hoechst, SOX2 or SOX9 respectively, with “Method to
distinguish clumped objects” and “Method to draw dividing lines between clumped objects” set as “Intensity”. Then RelateObjects
was used to identify SOX2-expressing epithelium or SOX9-expressing epithelium by setting “Epithelium” as the Parent Objects and
“SOX2” or “SOX9” as the Child Objects. The newly identified objects were the nuclei of cells positive in SOX2 (nuclear) and CDH1, or
SOX9 (nuclear) and CDH1. Mean intensity of p53 and p21 was measured in the objects of SOX2-expressing epithelium or SOX9-ex-
pressing epithelium. The average mean intensity was calculated and used for statistics.

For cleaved Caspase3 and phospho-ERK quantification, RelateObjects was used to identify SOX2-expressing epithelium or
SOX9-expressing epithelium by setting “Epithelium” as the “Child Objects”. The related objects were outlined by “Epithelium”
(CDH1) and included the whole cells. Mean intensity of phospho-ERK, the number of cleaved Caspase3-positive cells were
measured in these objects. The average mean intensity was calculated and used for statistics.

For wholemount staining of cleaved Caspase 3 quantification, SOX2+ epithelium (trachea & bronchi) were manually outlined. The
mean intensity of cleaved Caspase 3 was measured by Image J.

For EdU quantification, primary objects “EdU labeled” were identified from EdU staining channel. Objects of “Epithelial nuclei”
were identified with MaskObjects by masking primary objects “Epithelium” from primary objects “Nuclei”. Then EdU labeled epithe-
lial nuclei were identified with RelateObjects by setting “Epithelial Nuclei” as the Child Objects and “EdU labeled” as the Parent Ob-
jects. Then EdU positive nuclei were counted against the total nuclei in “Epithelium”.

For the size of organoid cultures, the primary objects were identified from tdTomato fluorescence with “Method to distinguish
clumped objects” and “Method to draw dividing lines between clumped objects” set as “Shape” so that objects were whole
sphere-shaped organoids. MajorAxisLength was measured for each sphere-shaped organoid.

Then, the counted number or the averaged mean intensity from each image were calculated and used as one dot in the plots. Super
plots were generated from 3-4 independent experiments with the average of each experiment as one datum. Data were represented
as the meanzstandard deviation. One-way ANOVA analysis was performed to check whether the data were significant. Then p-value
between every two groups was determined using unpaired two-tailed t-tests for single plots or paired two-tailed t-tests for super
plots. Unless otherwise stated, statistical analyses were performed in GraphPad Prism. A p-value less than 0.05 was considered sta-
tistically significant and denoted as follows: *<0.05, **<0.01, ***<0.001.
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