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The epithelium of the pulmonary airway is composed of
several distinct cell types that differentiate from common
progenitor cells to provide defense against environmental in-
sults. Epigenetic mechanisms regulating lineage differentiation
of airway epithelial progenitors remain poorly understood.
Protein arginine methyltransferase 5 (Prmt5) is a predominant
type II arginine methyltransferase that methylates >85% of
symmetric arginine residues. Here, we provide evidence for the
function of Prmt5 in promoting ciliated cell fate specification
of airway epithelial progenitors. We show that lung epithelial-
specific deletion of Prmt5 resulted in a complete loss of ciliated
cells, an increased number of basal cells, and ecotopic-
expressed Tp63Krt5" putative cells in the proximal airway.
We further identified that transcription factor Tp63 is a direct
target of Prmt5, and Prmt5 inhibited Tp63 transcription
expression  through H4R3 symmetric dimethylation
(H4R3sme2). Moreover, inhibition of Tp63 expression in
PrmtS-deficient tracheal progenitors could partially restore the
ciliated cell deficient phenotype. Together, our data support a
model where Prmt5-mediated H4R3sme2 represses 7p63
expression to promote ciliated cell fate specification of airway
progenitors.

The airway epithelium is the first barrier of defense of the
respiratory system against invading pathogens and inhaled
particles from the environment. It is a pseudostratified
epithelial structure composed of multiple cell types arranged
in luminal and basal layers (1). The luminal layer is populated
by secretory cells (club cells) and multiciliated cells (ciliated
cells), and a small number of rare and special cell types,
including neuroendocrine cells, goblet cells, brush cells (tuft
cells), and ionocytes (2—4). The basal layer is populated by
transformation-related protein 63 (Trp63, Tp63) and
keratin 5 (Krt5)-expressing basal cells (5). Each type of airway
epithelial cell performs designated roles. Aberrant cell type
proportions and functions are often associated with
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human respiratory diseases, such as pulmonary inflammation,
bronchopulmonary dysplasia, chronic obstructive pulmonary
disease, and asthma (6).

Ciliated cells are terminally differentiated cells that occupy
approximately half of the luminal layer of conducting airways.
The main function of ciliated cells is to shuttle inhaled par-
ticulates and microorganisms, which were trapped by mucus-
producing secretory and goblet cells, out of the airways by
swinging the cilia on its apical surface in a retrograde manner
(1). During lung development, ciliated cells are derived from a
population of multipotent endodermal progenitors known to
express transcriptional factor Myb to initiate ciliated cell fate
specification (7), and inhibition of Notch signaling in airway
progenitors is also required. It was well demonstrated that
activation of Notch signaling in airway progenitor cells leads to
secretory cell differentiation, while inhibition of Notch singling
leads to ciliated cell differentiation (8, 9). Studies on molecular
and genetic mechanisms have identified multiple factors that
regulate ciliated cell specification and subsequent ciliogenesis,
including serine/threonine kinase STK11 (10), E3 ubiquitin
ligase FBXW7 (11), as well as a variety of transcription factors
(Sox2, E2F4, Sox21, Foxjl, Nkx2-1, Tp63, Tp73, Myb, and
Sox9) (12-16). However, little is known about the roles and
mechanisms of epigenetic factors during ciliated cell fate
specification and ciliogenesis.

Protein arginine methyltransferase 5 (Prmt5) is a type II
protein arginine methyltransferase that catalyzes the sym-
metric dimethylation of arginine residues of histone or non-
histone substrates, and therefore regulates the expression of
target genes through epigenetic mechanisms (17). It has been
reported that Prmt5 plays an important role in DNA repair,
cell proliferation, transcriptional regulation, and spliceosome
assembly (18-22). In mice, deletion of Prmt5 prevents
pluripotent cells to form the inner cell mass and leads to
embryonic lethality (23). Pieces of evidence collected from
conditional Prmt5 KO mice suggest that Prmt5 participates in
several stem/progenitor cell proliferation processes such as
lung epithelial progenitor cells, hematopoietic stem cells and
muscle stem cells (24-26). Prmt5 is also essential for the
maintenance of neural stem/progenitor cells and spermato-
gonial stem cells (27, 28). In contrast, Prmt5 is not required for
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Prmt5 represses Tp63 to promote ciliated cell specification

primordial germ cell specification in mice (29). Although the
necessity of Prmt5 in stem/progenitor cell maintenance and
specification is therefore well-documented, it remains unclear
whether Prmt5 is required for airway stem/progenitor cells to
differentiate into specific cell types.

In the present study, we show that lung epithelial-specific
deletion of Prmt5 resulted in a complete loss of ciliated cells,
an increased number of basal cells, and ectopic expressed
Tp63Krt5" putative cells in conducting airways. We provide
evidence that Prmt5-deficient airway progenitors failed to
differentiate into ciliated cells both in vitro and in vivo. More-
over, the ciliated cell-deficient phenotype was partially rescued
by simultaneous downregulation of Tp63, which is a direct
target of Prmt5. Our results, thus, revealed a novel mechanism in
which Prmt5-mediated H4R3sme2 transcriptional repression of
Tp63 promotes ciliated cell specification during normal lung
development and provides a new potential strategy for targeted
therapy of ciliated dysfunction respiratory diseases.

Results

Inactivation of Prmt5 in the lung epithelium leads to tracheal
maldevelopment

To characterize the physiological functions of Prmt5, we
generated a Prmt5";Shh“** mouse line in which the
Prmt5 was conditionally inactivated in the lung epithelium
(24). Prmt5 and its catalytic H4R3sme2 were specifically
absent in the airway epithelium of PrmtS"";Shh™* mice as
analyzed by Western blotting (Fig. SI, A and B) and
immunofluorescence staining (Fig. S1C), whereas the
expression of Prmt5 and H4R3sme2 were unaltered in
Cdh1-negative mesenchymal cells (Fig. S1C). The expression
of two other Prmt family proteins (Prmtl and Prmt7) and
H4R3me2 was also unchanged (Fig. S1, A-C). Alcian blue
staining showed a disorganized C-ring tracheal structure of
the cartilage in Prmt5"";Shh“** mice at embryonic day
18.5 (E18.5). (Fig. 1A4), and the trachea of Prmt5™";:Shh“ "
is significantly thinner than controls (Fig. 1B). Co-
immunostaining of E14.5 tracheas by proximal airway
epithelial progenitor marker Sox2 and cartilage progenitor
marker Sox9 showed a decreased number of Sox9" cell
population in Prmt5-deficient mice (9.9 + 0.38 in control
versus 2.7 + 021 in Prmt5 mutant), while the Sox2
expression seems not altered (Fig. 1C). H&E staining results
revealed that tracheal epithelium was more flattened, and
the thickness of the epithelium was significantly reduced in
Prmt5-deficient mice compared to their littermate controls
(Fig. 1, D and E). Alcian blue and periodic acid—Schiff (AB-
PAS) staining analysis showed that there was barely any
detectable AB-PAS-positive signaling in the trachea of Prmt5"”
TLShh“** mice at E18.5 (Fig. 1F), implying defects of poly-
saccharide and protein deposition in Prmt5-deficient tracheal
epithelium. Further analysis by immunofluorescence staining
showed that Prmt5-deficient tracheal epithelial cells containing
a comparable proportion of Sox2, SSEA1 (a secretory cell-
specific marker), and Cdhl (an epithelial cell membrane-
specific expressed adhesion protein) positive cells as controls,
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although Cdh1 expression seems disorganized (Fig. 1, G and H).
Thus, these results suggest that Prmt5 is required for the normal
development of airway epithelium and cartilage.

Failure of ciliated cell specification in the trachea of
Prmt5"M:Shh*'* mice

We further performed scanning electron microscopy (SEM)
to visualize tracheal epithelium at E18.5. In control mice, the
trachea epithelium was composed of cubical secretory cells
and cilia-contained ciliated cells. However, no cilia-contained
cells were observed, and the cubical cells seem more flatted
and bigger in the trachea of Prmt5"5Shh“®* mice (Fig. 2A).
Transmission electron microscope (TEM) analysis also
showed that the cilia, as well as the basal body consisting of
centrioles at the root of cilia, were absent in the airway
epithelium of Prmt5-deficient mice (Fig. S2). In line with the
SEM and TEM observation results, the absence of cilia
structure in Prmt5™Shh“* tracheal epithelium was further
confirmed by immunofluorescence staining using an ac-
tubulin antibody, which was reported to be specifically
expressed in cilia of mature ciliated cells (30) (Fig. 2B). Given
that the ciliated cell differentiation is an ordered process that
involves initial cell fate determination and subsequential cil-
iogenesis, we then examined whether airway progenitors could
initiate ciliated cell fate specification in Prmt5-deficient mice.
In control tracheas at E13.5, we observed approximately 11.3%
Sox2" epithelial progenitors starting to express Myb (a tran-
scriptional factor whose expression is required for ciliated cell
fate specification) (Fig. 2C), and approximately 10.8% Foxjl*
Sox2" cells appeared at the later developmental stage of E15.5
(Fig. 2D). However, neither Myb* nor Foxjl* cells were
detected in the trachea of Prmt5™Shh™* mice at E13.5 and
E15.5 (Fig. 2, C and D). Consistently, RNA-seq analysis
revealed that the gene clusters in regulating ciliated cell dif-
ferentiation were significantly downregulated in the trachea of
E13.5 Prmt5""Shh“** mice (Fig. S3A). Notably, the multi-
ciliate differentiation and DNA synthesis—associated cell cycle
gene (Mcidas) and geminin coiled-coil domain containing
(Gmnc) gene, that were reported to be essential for initiating
ciliated cell lineage differentiation (31), were significantly
decreased expressed in PrmtS"Shh“®* tracheas (Fig. S3A),
which were further confirmed by quantitative real-time-PCR
(qQRT-PCR) (Fig. S3B). Transcription factors, such as Ascll (a
key factor in initiating neuroendocrine cell differentiation (32))
and Sox2 (essential for maintenance and differentiation of
tracheal epithelium (15)), were also downregulated in Prmt5-
deficient tracheas. Taken together, these experiments suggest
that Prmt5 is required for the normal program of ciliated cell
specification in airways.

Knockout of Prmt5 results in aberrant proliferation and
differentiation of tracheal epithelial progenitors

To better characterize the function of Prmt5 during ciliated
cell specification, we isolated tracheal progenitors and cultured
them in two in vitro systems, tracheosphere and air-liquid
interface (ALI) culture (33). For tracheosphere culture,

SASBMB



Prmt5 represses Tp63 to promote ciliated cell specification

>

. Control
[ Prmesrn;spncret

[=2]
(=3
o

»n

External tracheal dismeter (um)
FS
o o
o o

k%

LR R N

Prmt5";Shh€r* Control

o
1

= Prmt5";Shh€re*  Control

Control

The length of epithelium (pum)

P — =
IR, ‘,f—,,’ Y L e
(o & oonl.2 § e o -
7 S e
o7 T =T et AR et
P ~— » -
,’2- = R P
Z7 SRS —

(o)
Prmt5"ShhCre*  Control Prmt5";Shh

. Control
[ Prmesnn;Shncre+
fedk =

Contro

Prmt5";ShhCre+

50.3+4.39

Control

3
S
3
Q
)
=
g
&

Figure 1. Inactivation of Prmt5 in the lung epithelium leads to tracheal maldevelopment. A, whole-mount alcian blue staining of the trachea at E18.5.
The scale bars represent 0.5 mm. B, quantification of the external tracheal diameter at E18.5. Quantification was carried out in n = 9 mice per genotype. Each
dot represents an average of ten points per mouse. C, representative trachea sections were co-stained with Sox2 (green) and Sox9 (red) at E14.5. The scale
bars represent 200 um. Arrows indicate Sox9* cartilage progenitors. The numbers represent the Sox9* cell populations calculated from ten tracheas. p <
0.001. D, representative images of H&E-stained E18.5 tracheal sections. Boxed areas are magnified in insets. Scale bars represent 50 um. E, quantification of
the length of epithelial cells at E18.5. n = 9 mice per genotype. Each dot represents an average of ten points per mouse. F, representative images of AB-PAS-
stained E18.5 tracheal sections. Boxed areas are magnified in insets. Scale bars represent 50 um. G and H, representative immunofluorescence staining
images of E18.5 tracheal sections co-stained by Sox2 (red), Cdh1 (green) (E), and SSEA1(G) antibodies. The numbers show the percentage of Sox2* () and
SSEAT™ (G) epithelial cells. p > 0.05. The scale bars represent 20 um. AB-PAS, Alcian blue and periodic acid-Schiff; E, embryonic day; SSEA, stage-specific

embryonic antigen.

epithelial progenitors isolated from E13.5 tracheas were
cultured in 3D-submerged condition for consecutively 18 days
(Fig. 3A). Culture of tracheal progenitors from an mTmG re-
porter mouse (Shh““*;mTmG, in which the epithelium was
labeled by GFP after Cre recombination (24)) revealed that all
formed tracheospheres were GFP-positive (Fig. S4), indicating
that these tracheospheres were epithelium-derived. Analysis of
tracheospheres showed a significant decrease in the colony-
forming efficiency of Prmt5-deficient progenitors compared
with controls (colony-forming efficiency = 16.79 for control
and 4.23 for Prmt5 mutant) (Fig. 3, B and C). The diameter of
the tracheospheres generated by Prmt5-deficient progenitors
was on an average about 28.5% smaller than that of the control
(99.32 pum for control and 71.08 um for Prmt5 mutant)
(Fig. 3D). To analyze the cell composition of individual tra-
cheospheres, immunofluorescence staining was performed to
analyze specific epithelial markers, including Sox2, ac-tubulin,
Krt5, and Tp63. In comparison to controls, Prmt5 mutant
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tracheospheres contained comparable Sox2" proximal airway
epithelial cells, and increased Tp63" and Krt5" basal cells, but
were completely absent of ac-tubulin® ciliated cells (Fig. 3E).
We further investigated the role of Prmt5 on airway progenitor
proliferation and specification in two dimensions (2D)-ALI
culture system. Tracheal progenitors were first proliferated in
a growth factor—containing medium for 4 days, then were
transferred to transwells, and cultured in ALI condition to
induce cell differentiation (Fig. 34). During the cell prolifera-
tion period, the growth rate of Prmt5 mutant tracheal pro-
genitors was significantly lower than the control group
(Fig. 3F). After tracheal progenitor cell differentiation, control
ALI cultures differentiated into basal (Tp63*), secretory
(Scgblal®), and ciliated (Foxj1* or ac-tubulin™) cells, whereas
Prmt5-deficient progenitor failed to differentiate into ciliated
cells (Fig. 3G). Consistently, qRT-PCR analysis revealed that
Foxjl and Myb expression was undetectable in Prmt5 mutant
ALI cultures, while the Scgblal gene was not significantly
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Figure 2. Failure of ciliated cell fate specialization in the trachea of Prmt5"1;Shh<"®’* mice. A, representative photomicrographs of scanning electron

microscopy (SEM) of trachea cells from control and Prmt5™™:5hh<e*

mice at E18.5. Magnified pictures were shown on the right panel. The scale bars

represent 10 pm. B, representative triple-immunostaining images of E18.5 tracheal sections by ac-tub (white), Scgb1al (red), and Sox2 (green) antibodies.
The numbers show the percentage of Scgb1al* and ac-tub* cells. n = 6. p > 0.05 for Scgblat, p < 0.001 for ac-tubulin. The scale bars represent 20 um. C
and D, representative co-immunostaining images of E13.5 tracheal sections by Myb (red) and Sox2 (green) antibodies (C) and E15.5 tracheal sections by
Foxj1 (red) and Sox2 (green) antibodies (D). Arrows indicate Myb™ (C) and Foxj1* (D) ciliated progenitors in control. The numbers show the percentage of
Myb* and Foxj1* cells. n = 6. p < 0.001. The scale bars represent 20 um. ac-tub, ac-tubulin, E, embroyonic day.

changed (Fig. 3H). Collectively, these results suggest that
depletion of Prmt5 in airway progenitors resulted in the
compromised proliferation and failed ciliated cell specification.

Elevated Tp63 expression in Prmt5-deficient tracheal
progenitors

We next attempted to uncover the cell-intrinsic molecular
drivers of airway defects after Prmt5 knockout. RNA-seq
results showed that multiple signaling pathways, including
ligand-receptor interaction, tight junction, hippo, and Tp53
signaling pathways, were significantly affected by Prmt5
knockout (Fig. S5A). We noticed that two basal cells specif-
ically expressed marker genes (7p63 and Krt5) were upre-
gulated in PrmtS";Shh®* tracheas and significantly
increased expression of those genes were also detected by
qRT-PCR analysis (Fig. S5B), implying an increase in the
number of basal cells or elevated expression of these two
genes in the individual basal cell. Single-cell RNA sequencing
(scRNA-seq) analysis was performed to explore these two
possibilities. GFP-positive epithelial cells from the trachea of
PrmtS"* ;Shh“*;mTmG (control) and PrmtS"5Shh“**;
mTmG (PrmtS"%Shh*) mice were manually isolated at
E13.5, and then followed by library construction, sequencing,
and ¢-distributed stochastic neighbor embedding visualization
analysis. Gene ontology analysis of scRNA-seq results indi-
cated that Prmt5 knockdown significantly affected cell
apoptosis, cell division, mRNA splicing, and chromatin

4 Biol. Chem. (2023) 299(8) 104964

modification (Fig. S6A), which is in agreement with the well-
known functions of Prmt5 (17, 25). Kyoto Encyclopedia of
Genes and Genomes analysis revealed that the tight junction
and Tp53 pathways, which were altered in bulk RNA-seq
analysis, were also significantly changed (Fig. S6B). Further
analysis of scCRNA-seq data revealed that a total of 128 single-
cell samples were classified into five clusters based on the
overall gene expression similarity (Fig. S7A). Clusters 1, 2,
and 3 were control-derived cells, while clusters 4 and 5 were
almost PrmtS"".Shh“** -derived cells (Fig. S7B). Ciliated cell
differentiation—related marker genes (Mcidas, Gmnc, Foxjl,
and Myb) are restricted to be expressed in control clusters.
The expression of a known Prmt5 target gene Cdknla (24), a
cell cycle regulator Ccngl, and Tp63 were elevated in the
Prmt5 mutant as expected, while the expression of Sox2 was
decreased in Prmt5-deficient cluster 4 cells (Fig. S7C). The
Tp63 expression was further analyzed at single-cell resolu-
tion, the proportion of Tp63-positive cells, as well as the
expression level of Tp63 in individual cells, was significantly
higher in the PrmtS™;Shh“** samples than in the controls
(Fig. 4A). Consistently, immunofluorescence staining results
revealed that although no detectable Tp63-positive signal in
control and Prmt5™%Shh“* tracheas at E12.5, the propor-
tion of Tp63* cells increased substantially in Prmt5™";
Shh<™* tracheal epithelium from the E13.5 onward (Fig. 4,
B-E). Together, these results indicate that Prmt5 depletion
resulted in high expression of the 7Tp63 gene and an
increased proportion of Tp63" cells in airway epithelium.
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Figure 3. Knockout of Prmt5 results in abnormal proliferation and differentiation of tracheal epithelial progenitor cells ex vivo. A, a schematic
representation of the assay. Epithelial progenitors were isolated from control and Prmt5™™,Shh“"®* tracheas at E13.5, and progenitors were subsequently
cultured in the 3D condition of 50% Matrigel to grow tracheospheres or 2D condition of air-liquid interface (ALI) culture to induce cell proliferation and
differentiation. B, representative differential interference contrast images showed a decreased number of tracheospheres in Prmt5-deficient cells. The scale
bars represent 50 um. C and D, statistical analysis of the colonies’ formation efficiency (C) and the diameter of tracheospheres (D). n = 9 wells from 6 pairs of
mice. E, sections of tracheal spheres were stained for Sox2, Krt5, ac-tubulin, and Tp63 antibodies. The numbers show the percentage of each positive cell
population, statistics were obtained from 20 tracheospheres. p < 0.001 for ac-tubulin, p > 0.05 for Sox2, Krt5, and Tp63. The scale bars represent 20 um. F,
growth curve of isolated tracheal progenitor cells cultured in 2D conditions is shown; n = 6 pairs. G, representative immunostaining images of ALl cultured
cells showed defective ciliated cell differentiation of Prmt5-deficient tracheal epithelial cells. The numbers show the percentage of Tp63, ac-tubulin,
Scgblal, and Foxj1-positive cells. p < 0.001 for ac-tubulin and Foxj1, p > 0.05 for Tp63 and Scgb1a1. The scale bars represent 20 um. H, RT-qPCR anal-
ysis of the indicated genes normalized to actin; n = 5 pairs.
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Ectopic expressed Tp63'Krt5" cells in the luminal layer of
Prmt5"1:Shh"*"* trachea

In the developing airway, progenitors began to differentiate
into pseudostratified epithelium structures containing luminal
and basal layers, and the Tp63™ progenitors gradually moved
toward the basal side and express Krt5 as they differentiate
into mature ciliated cells (34). To better characterize Tp63*
epithelial cells, we conducted immunofluorescence co-staining
analysis at different developmental stages by using Tp63 and
Krt5 antibodies. In control and Prmt5 mutant tracheas, Tp63*
cells were randomly distributed in the airway epithelium at
E14.5, while they localized only on the basal layer and co-
expressed Krt5 at E16.5 and E18.5 (Fig. 5, A-C). Notably,
the number of Tp63" and Krt5" cells increased substantially in
the Prmt5 mutant at all detected stages (Fig. 5, A-C). Inter-
estingly, in contrast to control, a subpopulation of Tp63 " Krt5"
cells was detected in the trachea of Prmt5 mutant at E14.5,
while a subpopulation of Tp63Krt5" cells resided in the
luminal layer (Fig. 5, A—C). Quantitative analysis revealed that

6 J Biol. Chem. (2023) 299(8) 104964

the Tp63Krt5" cells account for almost 10% of the airway
epithelium in Prmt5"Shh** mice at E16.5 and E18.5,
whereas these cells were not detected in the controls (Fig. 5D).
We further characterized whether these Tp63'Krt5" cells were
a subpopulation of secretory cells, immunofluorescence
staining analysis showed that the Tp63Krt5" cells did not co-
express secretory cell-specific marker genes Scgb3a2 and
Scgblal (Fig. 5E). We defined these Tp63'Krt5" cells as pu-
tative cells, which are specifically expressed in the luminal side
of Prmt5-deficient airway with undefined lineage and physio-
logical functions.

Prmt5 and H4R3sme2 modulate chromatin configuration at
the Tp63 locus

One of the epigenetic mechanisms of Prmt5 in biological
processes is to regulate gene transcription through methylated
histone substrates (17), and Tp63 has been implicated in the
inhibition of ciliated cell lineage differentiation (13). As the
deficiency of ciliated cells in the Prmt5 mutant trachea was

SASBMB
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accompanied by elevated Tp63 expression, we next examined
the possibility that Prmt5 represses 7p63 transcription
through histone arginine methylation modifications. Chro-
matin immunoprecipitation-qPCR (ChIP-qPCR) assay was
performed to detect whether Prmt5 and H4R3sme2 (a Prmt5
catalyzed histone modification that globally represses gene
expression (35)) proteins binding to chromatin of the AN
isoform of Tp63 (ANTp63, the reported predominant Tp63
isoform in airway epithelium (36)) locus. With multiple primer
sets spanning a 2.5 kb region relative to the putative ANTp63
transcriptional start site, we detected binding signals for Prmt5
and H4R3sme2 at sites g and h of the ANTp63 promoter, as
well as at C40 enhancer regions in E14.5 tracheas of WT mice
(Fig. 6, A-C). ChIP signaling was significantly reduced in
Prmt5-deficient epithelial cells demonstrating the specificity
(Fig. 6, D and E). We then examined an active histone marker
H3K4me3 (tri-methylated lysine 4 of histone H3) and a
repressive histone mark H3K27me3 (tri-methylated lysine 27
of histone H3), at the ANTp63 locus in control and Prmt5-
deficient epithelial cells. Consistent with the increased
expression of Tp63 in PrmtS mutant tracheas, we observed a
significantly increased ChIP signaling of H3K4me3 and a
significantly decreased ChIP signaling of H3K27me3 in the
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ANTp63 promoter regions of Prmt5 binding with (Fig. 6, F and
G). These results thus suggest that Prmt5 modulates chro-
matin configuration at the Tp63 locus through H4R3sme2,
thereby repressing its transcription.

Inhibition of Tp63 in Prmt5",Shh*/* tracheal progenitors
rescues the ciliated cell-deficient phenotype

To further specify the role of Prmt5 in promoting ciliated
cell differentiation by inhibiting Tp63 expression, tracheal
epithelial progenitors were treated with a well-characterized
Prmt5 inhibitor EPZ015666, which was reported to selec-
tively inhibit Prmt5 enzymatic activity (37) under ALI culture
conditions. EPZ015666 treatment of airway progenitors
resulted in elevated Tp63 expression (Fig. S8A) as well as
remarkably impaired ciliated cell differentiation (Fig. S8B). We
next determined whether the elevated Tp63 expression
directly contributes to the ciliated cell deficiency phenotype in
Prmt5"":Shh"* mice. The Tp63 expression was inhibited in
tracheal progenitors by lentiviral-mediated two different
shRNAs that are complementary to different portions of Tp63
mRNA, and a nontargeting scrambled shRNA was used as
control. Infected progenitors were either cultured on Matrigel
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Figure 6. Prmt5 targets Tp63 to regulate airway epithelial cell differentiation. A, schematic diagrams of the mouse ANp63 gene structure. Blue bars
represent the regions examined by ChIP; white boxes represent exons; black lines represent introns. B-G, ChIP analysis results of ANTp63 gene with Prmt5 (B
and D), H4R3sme2 (C and E), H3K4me3 (F), and H3K4me3 (G) antibodies. All fold changes were normalized to input. The data shown are the mean + S.D of

three independent experiments. ChIP, chromatin immunoprecipitation.

to grow tracheospheres or cultured on ALI conditions for the
indicated time to allow cell differentiation (Fig. 7A). Immu-
nofluorescence staining results showed that the presence of ac-
tubulin® mature ciliated cells after knockdown of 7p63 in
Prmt5-deficient airway progenitors, both in tracheospheres
cultured for 16 days (Fig. 7B) and ALI culture for 18 days
(Fig. 7C). Quantitative analysis revealed that the proportion of
ac-tubulin® cells in Prmt5S-mutant were significantly lower
compared with that of controls in tracheospheres (Fig. 7D) and
ALI cultures (Fig. 7E). The two Tp63 shRNAs exhibited
roughly equivalent numbers of ciliated cells in the PrmtS
mutant that did not reach the control levels (Fig. 7, D and E).
Therefore, these findings suggest that Prmt5 via H4R3sme2
represses Tp63 transcription in airway epithelial progenitor
cells, thereby promoting the specification of ciliated cells,
whereas Prmt5-deficiency results in the high Tp63 expression
that failed to differentiate into ciliated cell lineage (Fig. S8C).

Discussion

We have previously reported that lung epithelial-specific
inactivation of Prmt5 led to halted branching morphogenesis
and neonatal death (24). In this study, we show that Prmt5 is
critical for airway epithelium cell fate specification. The Prmt5
mutant trachea exhibited increased Tp63™ airway progenitors
and mature basal cells, completely absent ciliated cells, as well
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as ectopically expressed Tp63Krt5" putative cells (Fig. 8).
Inactivation of Tp63 in the Prmt5-deficient airway epithelial
progenitors leads to the reversal of ciliated cell depletion
defect. While our previous work describes the importance of
Prmt5 in lung morphogenesis, the current study highlights
Prmt5 as a crucial player in airway ciliated cell fate specifica-
tion during lung development.

Our work identified the master basal cell transcription
factor ANTp63, a homolog of the tumor-suppressor Tp53, as a
direct target of Prmt5 during airway epithelial cell fate speci-
fication. Tp63, specifically its predominant isoform ANTp63, is
abundantly expressed in basal stem cells of various prolifera-
tive epithelial tissues and plays a key role in the maintenance of
basal cell identity, proliferation, and differentiation (38-42).
The role of Tp63 in airway epithelial cell specification is
controversial. Complete deletion of Tp63 leads to abnormally
increased ciliated cells in the airway epithelium (13). Consis-
tently, Marshall et al.(43) reported that Tp73 and Tp63 are co-
expressed in ciliated cells, and are required for ciliated cell
differentiation. In contrast, although significantly increased ac-
tubulin® and decreased SSEA1" cells were detected in the
trachea epithelium of tamoxifen-induced Tp63 KO mouse, the
distribution of secretory and ciliated cells was comparable
between control and 7p63 KO mouse (44). We speculate that
the disparity in these results could be due to the different
Tp63-KO time points and efficiency in different genetically
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Figure 7. Inhibition of Tp63 partially restores the ciliated cell specification defects in Prmt5-deficient tracheal epithelial cells. A, schematic rep-
resentation of infection and culture of mouse tracheal epithelial progenitors. On day 2, cells were infected with either vector or sh-Tp63, and infected cells
were transferred to 50% Matrigel or ALI culture on day 4, and analyzed at the indicated time point. B and C representative co-immunofluorescence staining
images of tracheospheres (B) and ALI cultures (C). The scale bars represent 20 um. D and E, quantification of the percentage of ac-tubulin® cells from
tracheospheres (B) and ALI cultures (C). n > 6 animals per genotype. ALI, air-liquid interface.

modified mice models. Alternatively, it could be due to other
unidentified Tp63 cofactors involved in airway epithelial cell
fate determination. In this work, as the ciliated cells loss
phenotype was partially restored by knockdown of Tp63 in
Prmt5-deficient tracheal progenitors, our results suggest that
the Tp63 is transcriptionally repressed by Prmt5 mediated
H4R3sme2, and it is functionally required for ciliated cell
specification.
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Figure 8. Working model of Prmt5 during tracheal epithelial cell fate
specification. During normal lung development (control), a subpopulation
of airway progenitors (blue) started to commit ciliated cell fate specification
at E13.5, cell fate was committed to basal (green), secretary (orange-red), or
ciliated (blue) cells at E15.5, and further differentiated into mature basal,
secretory, and ciliated cells at E18.5. In the trachea of Prmt5™™:Shh®* mice,
progenitors failed to commit ciliated cell specification, and a few pop-
ulations (green) start to express basal cell maker gene Tp63 at E13.5,
resulting in an increased number of premature/mature basal cells, absence
of ciliated cells, and a population of Tp63Krt5* putative cells at E15.5 and
E18.5. E, embryonic day.
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The appearance of Tp63Krt5" cells in the airway of
PrmtS"Shh“"* mice is intriguing. A subpopulation of
Tp63*Krt5* cells was first detected at E14.5, and the
Tp63Krt5" putative cells were detected at later developmental
stages (E16.5 and E18.5), indicating that these putative cells are
probably derived from Tp63*Krt5" cells. Previous work has
revealed that Tp63" basal progenitors in the trachea arise
around E13.5, these cells start to migrate to the basal side of
the pseudostratified airway epithelium and express the other
basal cell marker Krt5 (6, 44). Mature basal cells are stem cells
of the mouse trachea and human airway epithelium, capable of
self-renewal and differentiation into both secretory and ciliated
epithelial lineages (45, 46). In the intrapulmonary airways, a
rare Tp63™/Krt5 basal cell derivative population responds to
the HIN1, COVID-19 virus, and bleomycin-induced severe
lung injury (47-49). A recent study identified six sub-
populations in the adult murine trachea using a scRNA-seq
approach, suggesting a high degree of heterogeneity of the
basal cell (50). The Tp63Krt5" cells expressed in the luminal
layer of the Prmt5 mutant could be intermediate state cells
driven from Tp63" basal cells differentiated into ciliated or
other luminal cell fate or might be a new cell type formed
under specified conditions. Additionally, this Tp63Krt5" cell
population was also observed in the luminal side of Fbxw7
mutant tracheas previously (11). Inactivation of Notchl in the
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Fbxw7 mutant background reversed ectopic Tp63'Krt5" cell
phenotype (11), suggesting that Notchl is critical for
Tp63Krt5" cell specification. It remains undetermined
whether the same cell type appears in the Fbxw?7 and PrmtS
mutants. Animal models containing Tp63Krt5" cells provide
key experimental materials for studying airway epithelial cell
fate determination and epithelium heterogeneity.

In summary, our findings underscore a key role for Prmt5
and H4R3sme2 in promoting the specific differentiation of
respiratory epithelial progenitors to ciliated cells. Given the
association of aberrant ciliated cell differentiation with multi-
ple human respiratory diseases, our study lays the ground for
future investigation of the functional contribution and po-
tential molecular mechanisms of Prmt5 to the pathogenesis of
ciliated cell-related diseases.

Experimental procedures
Animals

All animal works were performed following the guidelines
set by the animal welfare committees of Anhui University. The
lung epithelium-specific Prmt5 KO mice (PrmtS™;:Shh<*)
were produced by crossing PrmtS"”*;Shh“™* mice with
Prmt§™" mice as previously described (24). Rosa26-mTmG
reporter mice were kindly gifted by Prof John Speakman
from the Institute of Genetics and Developmental Biology-
Chinese Academy of Sciences. Prmt. ST s mTmG and
PrmtS" 5 Shh < s mTmG mice used for sc-RNA-seq were
generated by crossing mTmG males with Prmt5™" females.
The embryos used in this study were harvested from time-
mated females, and at noon of the day when a vaginal plug
was detected was considered as E0.5. All mice used in this
study were bred in congenic C57BL/6 background and geno-
typed by genomic DNA PCR using primers listed in Table S1.

Sectional AB-PAS staining and H&E staining

Sectional AB-PAS and H&E staining were performed as
described previously (51). Briefly, tracheas isolated from E18.5
control and PrmtS™Shh™* mice were fixed in 4% para-
formaldehyde (PFA, Sigma-Aldrich, P6148) overnight at 4 °C,
then processed to paraffin (Thermo Fisher Scientific, 8330)
embedding and sectioned at 5 pm thickness. The deparaffi-
nized and rehydrated tracheal sections were stained with an
AB-PAS staining kit (Solarbio, G1285) or H&E staining kit
(Leagene, DH0006), respectively, according to the manufac-
turer’s instructions.

Whole-mount alcian blue staining

E18.5 tracheas from control or PrmtS"5Shh®* mice were
first fixed with 4% PFA, washed extensively with PBS, then
immersed in a mixture of 95% ethanol (80 ml) and acetic acid
(20 ml) containing 10 mg alcian blue 8GX (Sigma-Aldrich,
05500), and maintained at room temperature overnight. Tra-
cheas were finally cleared in 1% KOH (Sigma-Aldrich, 484016)
solution until the C-ring cartilage was visible.
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SEM and TEM assay

For SEM assay, E18.5 tracheal samples were fixed in 5% in
4% PFA at 4 °C overnight and dehydrated in a series of graded
ethanol. The ventral side of the tracheas was then analyzed
without a conductive coating by using a Zeiss EVO 15 SEM
(Carl Zeiss Microscopy GmbH). TEM assay was performed as
previously reported (51). Briefly, isolated tracheas were fixed in
2.5% glutaraldehyde and then in 1% OsO4 on ice for 2 h,
dehydrated in graded acetone solutions and embedded in
EMbed 812 resin (Electron Microscopy Sciences, 13940). Ul-
trathin sections (65 nm) were stained with 2% uranyl acetate
for 30 min and lead citrate for 10 min. Images were acquired
using a 120 kV electron microscope (JEM America Corp).

Immunofluorescence staining and imaging

Immunofluorescence staining was performed following a
previously published protocol (24). Briefly, frozen sections (8-
pum-thickness) were pretreated with 0.5% Triton X-100
(Sigma-Aldrich, T8787) in PBS for 15 min. After blocking,
sections were incubated with primary antibodies overnight at
4 °C followed by 2 h of incubation with appropriate secondary
antibodies and counterstained with DAPI (Sigma-Aldrich,
D9542). Images were acquired using a Leica TCS SP8 DIVE
confocal microscope. The antibodies used are listed in
Table S2.

Tracheosphere culture

Mouse tracheosphere culture was performed as previously
described (52). Tracheal epithelial progenitors were suspended
in mouse tracheal epithelial cells (MTEC)-plus medium
(Table S3), mixed at a 1:1 ratio with growth factor-reduced
Matrigel (BD, 354230), and seeded at 800 cells per well in
24-well plates (Corning, 353047) coated with 20 pl of 100%
Matrigel. The medium was changed every other day.
Images were taken on day 18 using an Axiovert 200 M mi-
croscope (Carl Zeiss). For statistical analysis, the number of
tracheospheres per insert was counted. Samples were set up in
triplicates from at least six biological replicates. For immu-
nofluorescence staining analysis, tracheospheres were fixed
with 4% PFA for 30 min, immersed in 10% sucrose (Sigma-
Aldrich, V900116) in PBS overnight at 4 °C, followed by
embedding in optimal cutting temperature compound (Sakura,
4853) and sliced to 8 um.

ALl culture

Isolated tracheal epithelial progenitors were cultured on rat
tail collagen type I (Sigma-Aldrich, C7661)-coated plastics,
grown for 4 days in MTEC-plus medium to reach confluent.
Cells were then trypsinized and seeded at 1000 cells per well in
a 24-well, 0.4-um pore size membrane transwell insert
(Corning, 3413). The MTEC-plus medium was added to both
the apical and inferior chambers and changed every other day.
The apical medium was removed on day eight to induce cell
differentiation. Cells were fixed for immunofluorescence
staining or collected for qRT-PCR analysis on day 18.
For the EPZ015666 treatment, 10 pm of EPZ015666
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(MedChemExpress, HY-12727) was continuously supplied
throughout the ALI culture. For quantification, a-tubulin®™ or
Foxjl" cells were counted in randomly selected areas, except
for the area within 1 mm from the edge of the transwell insert.

Knockdown of Tp63 in tracheal progenitors

To knockdown Tp63 in tracheal progenitors, lentivirus
containing a U6 promoter to express 7p63 shRNA (Gene ID:
NM-011641.2; Target sequence: GGAATGAACAGACG
TCCAA for Tp63—1 and GCTGAGCCGTGAGTTCAAT for
Tp63-2) were ordered at Obio Technology Co, Ltd, and a
nontargeting scrambled shRNA construct was used as negative
control. Tracheal progenitors were seeded onto collagen
I-coated 24-well plates (STEMCELL Technologies, 100-0364,)
and grown for 48 h. The cells were transduced with 20 ul
lentiviral particles in a 500 ul MTEC-plus medium. After 48 h
of infection, cells were trypsinized and transferred to 50%
Matrigel for tracheosphere culture or transwell inserts for ALI
culture as indicated.

scRNA-seq analysis

Tracheas from Prmt5"™*;Shh-CremTmG (control) and
Prmt§" " Shh-CremTmG  (PrmtS™Shh™*) mice were
minced with sterilized scissors after washing three times with
PBS, and then digested in 1 mg/ml collagenase type IV (Gibco,
17104019) at 37 °C for 15 min. The digestion process was
stopped by adding Dulbecco’s modification of Eagle’s medium
containing 10% fetal bovine serum (Gibco, 10099141C). GFP*
single cells were picked up under a stereomicroscope using the
single-cell pipette sampling platform of the Beijing Institute of
Genomics, Chinese Academy of Sciences. The scRNA-seq li-
brary was prepared using the single-cell tagged reverse tran-
scription sequencing protocol (53), and sequencing was
performed on the Illumina HiSeq X TEN platform. Data an-
alyses were proceeded as previously described (54).

Bulk RNA-sequencing

RNA-sequencing was conducted as previously described
(24). In brief, total RNA was extracted from the E13.5 trachea
of control and Prmt5:Shh“ " mice. The sequencing was
performed on an Illumina HiSeq X TEN platform and libraries
were generated using a NEBNext Ultra II RNA Library Prep
Kit for Illumina (NEB, E7770). The DESeq R package (1.18.0)
was used for differential expression analysis. Datasets are
deposited in the Gene Expression Omnibus database under
accession number GSE229423.

RNA extraction and qRT-PCR

Total RNA was prepared using TRIzol reagent (Ambion,
15596-026). The first strand complementary DNA was reverse
transcribed with a FastQuant RT Kit (TTANGEN, kr106-02.
qRT-PCR analysis was performed on an Agilent Technolo-
gies Strata Gene Mx3000P system using SYBR Green (Vazyme,
Q511-02). Gene expression levels were normalized to internal
B-actin. The primers were listed in Table S1.
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ChIP assay

ChIP was performed according to the protocol described
previously (55), using E14.5 WT tracheas or isolated airway
epithelial cells. The primers for qPCR detection of Tp63
chromatin regions were provided in Table SI.

Quantification and statistical analysis

All quantification data were collected from at least three
independent experimental replications. And the exact number
of replicates (n) for each experiment was described in the
relevant figure legends. Data were presented as means + S.D.
p-values were calculated with GraphPad Prism, version 8
(GraphPad Software, www.graphpad.com). We used a two-
tailed unpaired Student’s ¢ test for comparison between two
experimental groups and one-way ANOVA for multiple
comparisons. Before making comparisons, the normality of
distributions was tested and the variance was similar between
groups. All statistics represent biological replicates. ns, not
significant, *p < 0.05, **p < 0.01, ***p < 0.001.

Ethics statement

This study was performed by the principles of the Helsinki
Declaration of the World Medical Association. All animal
work was carried out in accordance with the protocols
approved by the animal welfare committee of Anhui University
(IACUC(AHU)-2022-012).

Data availability

All data analyzed during this study are included in this
published article and its supplementary files. The detailed
experimental procedures and the materials will be freely
available to the scientific community upon reasonable request.
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