
RESEARCH ARTICLE

Dorso-ventral heterogeneity in tracheal basal stem cells
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ABSTRACT
The tracheal basal cells (BCs) function as stem cells to maintain the
epithelium in steady state and repair it after injury. The airway is
surrounded by cartilage ventrolaterally and smooth muscle dorsally.
Lineage tracing using Krt5-CreER shows dorsal BCs produce more,
larger, clones than ventral BCs. Large clones were found between
cartilage and smooth muscle where subpopulation of dorsal BCs
exists. Three-dimensional organoid culture of BCs demonstrated that
dorsal BCs show higher colony forming efficacy to ventral BCs. Gene
ontology analysis revealed that genes expressed in dorsal BCs are
enriched in wound healing while ventral BCs are enriched in response
to external stimulus and immune response. Significantly, ventral BCs
express Myostatin, which inhibits the growth of smooth muscle cells,
and HGF, which facilitates cartilage repair. The results support the
hypothesis that BCs from the dorso-ventral airways have intrinsic
molecular and behavioural differences relevant to their in vivo
function.
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INTRODUCTION
The mouse trachea serves as a convenient and well-established
model system for the conducting airways of the human lung (Rock
et al., 2010). It is lined by a pseudostratified mucociliary epithelium
primarily composed of ciliated and secretory luminal cells, and
is maintained and repaired by an underlying population of basal cells
(BCs) (Rock et al., 2009). The trachea is surrounded by cartilaginous
rings on the ventral and lateral sides, and smooth muscle on the
dorsal side, and is supplied with blood vessels and nerves. The upper
part of the mouse trachea between the cartilaginous rings also
contains submucosal glands (SMGs), which are known to serve as
facultative stem cell niches. Myoepithelial cells in the SMGs can
repair the airway epithelium after severe injury (Hegab et al., 2011;
Tata et al., 2018; Lynch et al., 2018).

Duringmouse development, the tracheal primordiumwas observed
to form at E9.5 and continued to be elongated throughout the tracheal
development period. Cartilage development was observed to
commence at E10.5, characterised by the expression of SOX9-
positive cells, whereas smooth muscle development commenced
at E11.5, characterised by the expression of ACTA2 (Hines et al.,
2013). Cartilage segmentation begins from E13.5 (Young et al.,
2020).With respect to the development of airway epithelium, TRP63-
positive BCs and SCGB3A2-positive secretory cells were observed in
NKX2-1-positive airway epithelium from E10.5 (Kurotani et al.,
2008; Hou et al., 2019), whereas FOXJ1-positive ciliated cells were
observed to form from E14.5 (Tsao et al., 2009). There is increasing
evidence that supports the existence of reciprocal epithelial-
mesenchymal interactions in the development of the mouse trachea.
For example, a recent study demonstrated that the mesenchyme
regulates elongation along the anterior-posterior axis and the
expansion of the developing trachea (Kishimoto et al., 2018; Young
et al., 2020). Wnt5a-Ror2 signalling in mesenchymal cells regulates
the elongation of the trachea through the polarisation of smooth
muscle progenitors. Genetic disruption of cartilage or smooth muscle
formation affects BC composition and differentiation in tracheal
epithelium, which indicates the importance of the mesenchyme for
the normal development of the tracheal epithelium (Hines et al.,
2013). In addition, a recent study has revealed that the loss of
Wnt secretion in epithelial cells affects cartilage formation from
mesenchymal cells and results in the loss of FGF10 which affects the
differentiation of airway epithelial cells, including BCs (Hou et al.,
2019).

The varying distribution of BC subpopulations in the ventral and
dorsal trachea was observed in the developmental stage, whereas
this was not observed in the adult stage (Hines et al., 2013; Hou
et al., 2019). However, clear differences were observed in the
mucocilliary transport of particles in the airway epithelium on the
ventral and dorsal surfaces of the trachea (Hoegger et al., 2014);
the particles were transported preferentially along the ventral
trachea, implicating the dorso-ventral difference in the cellular
composition of the adult tracheal epithelium. Recent studies using
single-cell RNA sequencing (scRNA-seq) analysis revealed the
existence of different types of BCs (Watson et al., 2015; Montoro
et al., 2018; Braga et al., 2019; Travaglini et al., 2020); however,
their roles and spatial distribution pattern are yet to be fully
elucidated.

In this study, we demonstrate the dorso-ventral variance in the
intrinsic behaviour of BCs in the adult airway epithelium and
suggest the potential role of tracheal BCs in homoeostasis in the
tracheal mesenchyme.

RESULTS
Dorso-ventral difference in cell expansion from tracheal
basal stem cells
Brief treatment of mice with sulphur dioxide gas has been observed
to cause the death of luminal cells in the trachea, and was closelyReceived 24 February 2021; Accepted 5 August 2021

1Department of RegenerativeMedicine, YokohamaCity University Graduate School
of Medicine, Yokohama, Kanagawa 236-0004, Japan. 2Department of Cell Biology,
Duke University School of Medicine, Durham, NC 27707, USA. 3Division of
Regenerative Medicine, Center for Stem Cell Biology and Regenerative Medicine,
Institute of Medical Science, University of Tokyo, Minato, Tokyo 108-8639, Japan.
4NODAI Genome Research Center, Tokyo University of Agriculture, Setagaya,
Tokyo 156-8502, Japan. 5Department of Embryology, Nara Medical University,
Kashihara, Nara 634-8521, Japan.

*Authors for correspondence (tadokoro@yokohama-cu.ac.jp;
rtanigu@ims.u-tokyo.ac.jp)

T.T., 0000-0001-7396-8758; K.T., 0000-0003-0658-7781; H.K., 0000-0003-
3800-4691; B.L.M.H., 0000-0002-7916-1573; H.T., 0000-0002-6186-9266

This is an Open Access article distributed under the terms of the Creative Commons Attribution
License (https://creativecommons.org/licenses/by/4.0), which permits unrestricted use,
distribution and reproduction in any medium provided that the original work is properly attributed.

1

© 2021. Published by The Company of Biologists Ltd | Biology Open (2021) 10, bio058676. doi:10.1242/bio.058676

B
io
lo
g
y
O
p
en

mailto:tadokoro@yokohama-cu.ac.jp
mailto:rtanigu@ims.u-tokyo.ac.jp
http://orcid.org/0000-0001-7396-8758
http://orcid.org/0000-0003-0658-7781
http://orcid.org/0000-0003-3800-4691
http://orcid.org/0000-0003-3800-4691
http://orcid.org/0000-0002-7916-1573
http://orcid.org/0000-0002-6186-9266


followed by the proliferation of surviving BCs and their
differentiation into ciliated and secretory cells (Rock et al., 2009).
To determine whether there is heterogeneity in the reparative
behaviour of BCs in the dorsal versus ventral trachea, we performed
clonal lineage tracing of KRT5-CreERT2; Rosa-Confetti mice
(Fig. 1A). Two weeks after the treatment, we determined the
number and sizes of individual clones of cells labelled with a
nuclear green fluorescent protein (GFP) reporter on the dorsal half
versus the ventral half of the trachea (Fig. 1B). In addition to the
airway epithelial cells, a few myoepithelial cells were lineage-
labelled after 1 year without injury (Fig. S1A), suggesting that some
of the clones in the ventral trachea could be derived from
myoepithelial cells present in the SMGs. The results showed
that, on an average, the clones in the dorsal domain (average of
4.03 cells/clone) were larger than those in the ventral domain
(average of 2.61 cells/clone, Fig. 1C). The proportion of clones in
the dorsal trachea was also higher than that in the ventral trachea
(72% and 28%, respectively, Fig. 1D). Long-term lineage tracing of
BCs also showed that the large clones were located in the dorsal
trachea between the cartilage and smooth muscles (Fig. S1B). These
results suggest that there are intrinsic differences in the stem cell
behaviour of dorsal versus ventral BCs, or differences in the stem
cell environment in the two domains.

Dorso-ventral differences in tracheal luminal cells, vascular
networks, neurons, and the expression of BC markers
To identify any differences in the spatial distribution of cell types in
the dorsal versus ventral trachea, we compared the confocal images
of epithelial cells, smooth muscles and neurons in whole-mount
samples and the stereomicroscopic images of vascular networks and
performed immunohistochemical analysis of BCs in tissue sections
(Fig. 2A-G). In the ventral region, ciliated cells were distributed
uniformly, including above and between the cartilaginous rings.
However, in the dorsal region, there were fewer ciliated cells present
above the smooth muscles while that area was covered by epithelial

cells (Fig. 2A-C). Next, we studied the vascular networks in the
whole trachea by cardiac perfusion of the fluorescent dye DiI
(Fig. 2D,E). The images show that blood vessels span the spaces
between the cartilages, and several vessels span vertically to connect
the cartilages (Fig. 2D,E). The blood vessels were marginally more
abundant in the ventral trachea than in the dorsal trachea (Fig. 2D).
Similarly, neurons were mainly distributed between the cartilages in
both ventral and dorsal trachea (Fig. 2F). In addition, neurons were
found in the smooth muscle area (Fig. 2F). Lastly, the expression of
various BC markers (KRT5, GSI-B4 lectin, and NGFR co-stained
with TRP63) was examined in both ventral and dorsal tracheal
specimens (Rock et al., 2009) (Fig. 2G). Almost 84% of GSI-B4
lectin positive cells and 89% of KRT5 positive cells showed co-
staining for TRP63, a marker of BCs derived from tracheal,
oesophageal, and skin epithelium (Pellegrini et al., 2001; Daniely
et al., 2004), and there was almost no difference in the ratio of the
double-positive cell population between the ventral and dorsal
trachea (84.38±1.72% versus 84.88±1.77% and 88.57±1.08%
versus 89.35±1.31%, respectively). Conversely, the proportion of
NGFR/TRP63 double-positive cell population differed significantly
between the ventral and dorsal trachea (85.16±2.04% and 92.12
±1.2%, respectively; P<0.01), suggesting the difference in the
expression of BC markers (Fig. 2G and Table S1).

Comparison of BCs from ventral and dorsal trachea using
in vitro tracheosphere culture
Next, we conducted a tracheosphere assay to estimate the intrinsic
ability of BCs to proliferate and differentiate in a culture medium
without stromal cells. The trachea specimens were separated into
dorsal and ventral sections, and the NGFR-positive BCs were sorted
separately after dissociation from the epithelium (Fig. 3A). One
thousand cells per well were cultured in Matrigel for 14 days, and
the number of colonies and cells was determined (Fig. 3A). Cell-
sorting experiments showed that NGFR-positive BCs were more
abundant in the dorsal trachea than in the ventral trachea, while cell

Fig. 1. In vivo clonal expansion of basal stem cells during repair. (A) Schematic representation of clonal analysis using Krt5-CreERT2; Rosa-Confetti
mice. Single cells treated with a low dose of tamoxifen (magenta) exhibited proliferation after SO2-induced injury and differentiated into ciliated and secretory
cells. (B) Confocal images of clones expressing nuclear GFP (green) in ventral and dorsal trachea specimens 2 weeks after SO2-induced injury. (C) Jitter
plot of cell number per clone in ventral and dorsal trachea (n=71 clones for ventral trachea and n=224 clones for dorsal trachea). (D) Dorso-ventral
distribution of basal cell (BC)-derived clones (n=4 tracheas each). Scale bars: 50 µm. Data are represented as mean±s.e.m. *P<0.05. See also Fig. S1.
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number of total epithelia was not changed in the two groups
(Fig. 3B,C). Although the same number of BCs were seeded, the
colony-forming efficiencies differed between the tracheosphere
cultures of the ventral and dorsal trachea specimens (3.4% and
9.7%, respectively) (Fig. 3D,E). The number of cells was also
higher in the tracheospheres derived from dorsal BCs (Fig. 3F).
These results suggest that the difference in cell expansion observed
both in vitro and in vivo may be attributed to the differences in the
characteristics of BCs derived from the ventral and dorsal trachea.

Gene expression analysis of BCs derived from ventral and
dorsal trachea
Since the in vivo and in vitro proliferation of BCs differed between
ventral and dorsal trachea, a gene expression analysis was
performed. RNA-seq analysis revealed the top 30 differentially-
expressed genes (DEGs) in BCs derived from the ventral and dorsal
trachea, which were then indicated in the heat map (Fig. 4A). DEGs
(with more than twofold difference in expression levels) were
subjected to gene ontology (GO) analysis using DAVID 6.8 (https://
david.ncifcrf.gov), a bioinformatics database (Huang et al., 2009a,
2009b). GO analysis revealed that ventral BCs showed enrichment
of genes related to immune responses, blood vessel development,
and neuron development (Fig. 4B). Among top 30 DEGs,
Myostatin, a negative regulator for myogenesis (Thomas et al.,
2000), was enriched in ventral BCs. Hepatic growth factor (HGF),
which is a hepatic growth factor also known to be involved in

chondrogenesis (Wakitani et al., 1997), was enriched in ventral
BCs. Although those factors were not involved in the biological
processes enriched by GO analysis, those would be involved in BC
heterogeneity through sustaining unique microenvironment of
ventral trachea. Conversely, the GO analysis revealed that in
dorsal BCs, genes related to wound healing processes were
enriched. Because the gene expression of KRT6a, KRT13, KRT4,
and KRT60b, which are expressed in skin BCs, was also observed in
BCs at the anterior part of the dorsal trachea (Fig. 4A,D and E), GO
analysis also indicated the enrichment of ‘skin development’ and
‘keratinization’ (Fig. 4C).

DISCUSSION
In this study, we provide evidence in favour of the heterogeneity in
the properties of basal stem cells derived from the dorsal versus
ventral regions of mice trachea, which is used as a model system for
the conducting airways of the human lung.

Recently, the heterogeneity of BCs has been reported from
several research groups along with the rapid progress of scRNA-seq
analysis (Watson et al., 2015; Montoro et al., 2018; Braga et al.,
2019; Travaglini et al., 2020). By conducting long-term lineage
tracing and scRNA-seq analysis, Watson et al. first revealed that
there are two subpopulations in BCs: ‘basal stem cells’, and
KRT5/KRT8-positive ‘basal luminal cells’, the existence of basal
luminal cells is supported by other works (Watson et al., 2015;
Mori et al., 2015; Braga et al., 2019; Travaglini et al., 2020).

Fig. 2. Comparison of airway epithelium, vascular networks, nerve fibers and BC marker expression in ventral and dorsal trachea specimens.
(A) Whole-mount imaging of ciliated cells (green; Foxj1-GFP) in mouse trachea. (B) Whole-mount imaging of ciliated cells (green; acetylated tubulin) and
smooth muscle cells (magenta; αSMA) in dorsal trachea. (C) Whole-mount imaging of ciliated cells (green; atub) and epithelial cells (magenta; ECAD) in
dorsal trachea. (D) Whole mount imaging of blood vessels by cardiac perfusion of DiI (magenta). (E) Stereomicroscopical image of trachea (Bright field) and
blood vessels (magenta; Dil). (F) Whole-mount images of nerve fibers (magenta; βIII-tubulin) from ventral and dorsal trachea. (G) Immunofluorescence
staining of multiple BC markers (green; KRT5, GSI-B4, and NGFR; magenta; p63). See also Table S1.
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Genes reported to be expressed in basal luminal cells are not
changed between ventral and dorsal BCs, suggesting that those two
populations are widely distributed in whole trachea. In Watson’s
work, they analysed BCs only from dorsal trachea, therefore spatial
difference of BCs was yet to be addressed.
In our study, some KRT genes are differentially expressed in the

dorsal BCs; One is KRT13, which is a squamous cell marker and
expressed in BC subpopulation found by single cell RNA-seq
analysis (Montoro et al., 2018; Braga et al., 2019). AlthoughMontro
et al. mentioned that KRT13-positive BCs are located in the inter-
cartilage region, our data suggest that KRT13-positive BCs are
present in the dorsal trachea at the boundary between cartilages and
smooth muscles, where large BC clones were detected after long-
term lineage tracing in our study. This result is also supported by the
single cell RNA-sequence analysis of the human respiratory system
that BC subpopulation named ‘cycling BCs’ characterised by the
high expression of cell proliferation-related genes and KRT13
expression (Braga et al., 2019). Owing to the restricted localisation
of KRT13-positive BCs, it is likely that there is a stem cell niche
existing between cartilages and smooth muscles. Montoro et al. also
suggested that KRT13-positive BCs can only give rise to secretory
cells; this finding is consistent with our results, as indicated by the
area in the dorsal trachea without FOXJ1 expression while there are
covered with ECAD positive luminal cells. Genes expressed in
another BC subpopulation called ‘activated basal cells’ found from
human lung scRNA-seq analysis (Braga et al., 2019), are not
differentially expressed in BCs derived from ventral and dorsal
trachea.
Since there were no such differences observed in cell

differentiation in vitro (data not shown), the differentiation of BCs
is considered to be regulated in a non-cell-autonomous manner,
specifically, by the mesenchyme lining close to the epithelium.
However, careful investigation is required for confirming the
differentiation potential of KRT13-positive BCs. Considering their
rapid proliferation after injury, BCs, including KRT13-positive BCs

in the dorsal trachea, serve as stem cell pools after severe injuries in
the tracheal epithelium.

Our results also imply that local BCs play a major role in
maintaining homoeostasis in the adjacent mesenchyme. For
instance, the expression of myostatin, a known negative regulator
of myogenesis (Thomas et al., 2000), in ventral BCs might help
maintain an appropriate ratio of smooth muscle mass in the trachea
by preventing excess proliferation of smooth muscle cells. To
maintain proper ratio of smooth muscle in trachea is thought to
be important for normal lung functions because the degree of
smooth muscle hypertrophy and hyperplasia in asthma patients is
related to disease severity (Bentley and Hershenson, 2008). Besides
smooth muscle cell mass, tracheal cartilages are another important
structure for respiratory system. Collapse of tracheal cartilage
structure observed in tracheomalacia leads to airway block and
dyspnea. Our RNA-seq analysis revealed that HGF, which is a
growth factor involved in cartilage regeneration (Wakitani et al.,
1997), was enriched in ventral BCs compared to dorsal BCs. HGF
might help maintain homoeostasis of cartilages in the ventral
trachea.

This study revealed the differences in the characteristics of BCs
based on spatial distribution, and also indicated the role of
epithelial-mesenchymal interactions in tissue homoeostasis in the
trachea. The findings of this study suggest that careful observation is
necessary in future research, as the influence of environment on the
phenomenon should be considered.

MATERIALS AND METHODS
Mice
Krt5-CreERT2 (The Jackson Laboratory), Rosa26R-CAG-Confetti (Rosa-
Confetti; supplied by Hans Clevers), and Foxj1-GFP (Ostrowski et al.,
2003) mice were maintained on a C57BL/6 background. C57BL/6J mice
were purchased from Japan SLC (Shizuoka, Japan). Male mice at
8–12 weeks old were used for SO2 injury. All experiments were
performed in accordance with Yokohama City University Institutional

Fig. 3. In vitro tracheosphere formation from BCs derived from ventral and dorsal trachea. (A) Schematic representation of BC isolation from mouse
trachea and 3D tracheosphere culture. (B) Number of epithelial cells isolated from ventral and dorsal trachea (n=3). (C) Number of BCs isolated from ventral
and dorsal trachea (n=3). (D) Phase-contrast images of colonies formed after 2 weeks of culture. (E) Colony-forming efficiencies of BCs derived from ventral
and dorsal trachea (n=3). (F) Cell numbers after 2 weeks of culture of BCs derived from ventral and dorsal trachea (n=3). Data are represented as mean
±s.e.m. *P<0.05, **P<0.01.
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Guidelines for Laboratory Animal Usage and IACUC-approved protocols at
the Duke University School of Medicine.

3D culture of tracheospheres
Tracheospheres were cultured according to a method described in a previous
report (Rock et al., 2010). In brief, NGFR-positive BCs isolated using
fluorescence-activated cell sorting were embedded in growth factor-reduced
Matrigel, seeded on cell culture inserts, and cultured for 7 days in MTEC/
Plus medium and for 7 days in MTEC/free medium. For sorting, rabbit IgGs
were used as a negative control. For quantifying cell growth, tracheospheres
isolated from Matrigel by dispase digestion were dissociated using trypsin,
and the cells were counted.

In vivo clonal analysis
Krt5-CreERT2; Rosa-Confetti mice (8–12-week-old) were administered
tamoxifen in corn oil (10 µg/g body weight) via oral gavage. After 7 days,
the mice were treated with SO2, and the tracheas were removed at 14 DPI.
After fixation with 4% PFA in PBS for 4 h, the tracheas were dissected
(ventral and dorsal sections) along the midline. After tissue-clearing
treatment using ScaleA2 for O/N (Hama et al., 2011), images of trachea
specimens from four mice were obtained using an LSM 710 confocal
microscope (Carl Zeiss, Jena, Germany). Cell numbers were determined in
clones expressing nuclear GFP in the ventral and dorsal tracheas (71 and 224
clones, respectively). The statistical significance of cell number per clone
was determined using the Mann–Whitney–Wilcoxon test.

Immunohistochemistry
Immunohistochemistry was performed according to a method described in a
previous report (Tadokoro et al., 2016). In brief, mouse trachea specimens
fixed with 4% PFA in PBS at 4°C for 4 h were washed with PBS and
embedded in paraffin. The trachea specimens were sectioned longitudinally
along the dorso-ventral axis into 7 µm sections. The sections were
deparaffinized, rehydrated, and heated in 10 mM sodium citrate (pH 6.0)
at 121°C for 10 min. The sections were blocked by treating with 10%
donkey serum, 3% BSA, and 0.1% Triton X-100 in PBS, and were then

treated with primary antibodies in blocking buffer at 4°C overnight. The
primary antibodies used were as follows: mouse TRP63 (1:50; Santa Cruz
Biotechnology, Dallas, TX, USA, SC-8431); rabbit Krt5 (1:500; Covance,
PRB-160P), rabbit NGFR (1:100; Abcam, Cambridge, UK, Ab8875), and
biotinylated isolectin B4 (1:50; Vector Laboratory, Burlingame, CA, USA).
Alexa Fluor-labelled secondary antibodies were used at 1:500 dilution. For
detection of GSI-B4 lectin, the sections were stained using Alexa488-
labelled streptavidin. The sections were then stained using DAPI and were
mounted in FluorSave™ reagent (EMD millipore, San Diego, CA, USA).
Images were acquired using an LSM 710 confocal microscope (Carl Zeiss,
Jena, Germany).

Whole-mount imaging of specimens
To visualise ciliated cells, trachea specimens derived from Foxj1-GFP mice
were fixed in 4% PFA in PBS at 4°C for 4 h. Tiled images were acquired
using an LSM 710 confocal microscope (Carl Zeiss, Jena, Germany).

For vascular imaging, the mice euthanised by administering CO2 were
intracardially perfused with 9.25% (w/v) sucrose followed by perfusion with
the fluorescent dye DiI and fixed with 4% PFA in PBS. The images were
acquired using the fluorescent microscope Zeiss Axio Zoom.V16 (Carl
Zeiss, Jena, Germany).

To visualise BCs, ciliated cells, and nerve fibers, the trachea specimens
from C57BL/6J mice fixed with 4% PFA in PBS at 4°C for 4 h were blocked
by treating with 10% donkey serum, 3% BSA, and 0.1% Triton X-100 in
PBS, and were then treated with primary antibodies (mouse acetylated
tubulin antibody, 1:1000, T7451, Sigma-Aldrich, St. Louis, MO, USA; goat
Krt13 antibody, 1:500, ab79279, Abcam; mouse β-III tubulin antibody,
1:1000, T8660, Sigma-Aldrich, St. Louis, MO, USA). After subsequent
treatment with secondary antibodies (Alexa Fluor488, Alexa Fluor 555),
images were acquired using a Leica SP8 confocal microscope and Leica
M205 FCA stereomicroscope (Leica Microsystems, Wetzler, Germany).

cDNA library construction and sequencing
Libraries of each group were prepared from four independent experiments.
Total RNA was isolated from NGFR-positive sorted cells using a MoFlo

Fig. 4. Comparative gene expression analysis of BCs derived from ventral and dorsal trachea. (A) Heatmap of enriched genes in BCs derived from
ventral and dorsal trachea. (B) GO analysis of enriched genes in BCs derived from ventral trachea using DAVID. (C) GO analysis of enriched genes in BCs
derived from dorsal trachea using DAVID. The size of the dot indicates the counts of genes, and the colour indicates the P-value (B and C). (D) and
(E) Whole-mount immunostaining of dorsal trachea using a ciliated cell marker (atub) and subpopulation of BCs (KRT13). White dotted lines indicate the
location of cartilages underneath the airway epithelium.
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Astrios EQ Cell Sorter (Beckman Coulter, Brea, CA, USA). The quality and
quantity of total RNA were evaluated using an Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA) and an Agilent RNA 6000
Nano Kit (Agilent Technologies). The cDNA library was constructed using
a NEBNext Ultra RNA Library Prep Kit for Illumina (New England
Biolabs, Ipswich, MA, USA) according to the manufacturer’ s instructions.
Briefly, oligo-(dT) magnetic beads were used to capture poly-(A) mRNA
from total RNA, and a fragmentation buffer was added to cleave the mRNAs
into short fragments. First-strand cDNAs were synthesized using these short
fragments as templates, along with random primers and reverse
transcriptase. After second-strand cDNA synthesis, the end-repaired and
dA-tailed fragments were connected to sequencing adaptors. The adapter-
ligated cDNA fragments were amplified through 11 cycles of PCR, and the
products were purified using AMPure XP magnetic beads (Beckman
Coulter). The quality and concentration parameters of the library were
assessed using the Agilent 2100 Bioanalyzer and an Agilent DNA 1000 Kit
(Agilent Technologies). The concentration of the libraries was determined
more precisely using a StepOnePlus™ Real-Time PCR System (Applied
Biosystems Laboratories, Foster City, CA, USA) and a KAPA Library
Quantification Kit (Kapa Biosystems, Wilmington, MA, USA).

The library was diluted to 10 pM and then sequenced using 50-bp single
read sequencing with an Illumina HiSeq2500 (Illumina, San Diego, CA,
USA). Reads were generated in the FASTQ format using the bcl2fastq2
Conversion Software V2.18.0.12 (Illumina). The read data were submitted
to the DDBJ Read Archive (Accession number DRA010271).

Analysis of DEGs
Gene expression was analysed using the CLC Genomics Workbench 8.5
(Qiagen, Hilden, Germany). First, raw read data were cleaned using the
following parameters: quality limit=0.001, ambiguous limit=2, number of
5′ terminal nucleotides=14, number of 3′ terminal nucleotides=3, minimum
number of nucleotides in reads=36. The cleaned reads were mapped to
GRCm38.p6, the reference genome of Mus musculus, retrieved from the
Ensembl database (https://asia.ensembl.org/Mus_musculus/Info/Index?
db=core). The mapping parameters were as follows: mismatch cost=2,
insertion cost=3, deletion cost=3, length fraction=0.8, similarity
fraction=0.8. The expression value in each gene was calculated as reads
per kilobase of exon per million mapped reads. The number of DEGs was
estimated using a statistical approach based on a Gaussian distribution t-test.
The significant thresholds were set based on fold changes (FCs) of FC≥1.5
or≤0.67 and a false discovery rate (FDR)-adjusted P-value (q<0.05). Genes
preferentially expressed in one group (FC≥2) were analysed using DAVID
(https://david.ncifcrf.gov/). The results were visualised in the form of a
heatmap using R (version 3.5.2) and the pheatmap package on Rstudio
(version 1.1.463). For dot plot visualisation, the ggplot2 package was used.

Statistical analysis
Results are presented as the mean±s.e.m. For tracheosphere assays, three
independent experiments were performed in duplicate. For in vivo clonal
analysis, trachea specimens from four mice were analysed. Statistical
significance was determined using unpaired Student’s t-test, unless
otherwise stated.

Acknowledgements
We thank R. Ohtake, E.Kubota, N. Hijikata, Y. Nafune, H. Nozawa, N. Mizuguchi,
K. Suwa, and A. Sekizawa for their technical assistance; we also thank all lab
members for useful comments. We thank H. Clevers for sending materials. T.T.
received supports from JSPS KAKENHI (Grant Numbers JP16K19462,
JP19K22666, and 21K08208). This work was supported by the Cooperative
Research Grant of the Genome Research for BioResource (NODAI Genome
Research Center, Tokyo University of Agriculture).

Competing interests
The authors declare no competing or financial interests.

Author contributions
Conceptualization: T.T., B.L.M.H.; Methodology: T.T.; Software: T.T., K.T.;
Validation: S.O., M.K.; Formal analysis: K.T., H.K.; Investigation: T.T., K.T., S.O.,
M.K.; Resources: T.T., K.T., B.L.M.H., H.T.; Data curation: K.T., H.K.; Writing -

original draft: T.T., K.T., H.T.; Writing - review & editing: T.T.; Visualization: T.T.;
Supervision: B.L.M.H., H.T.; Project administration: B.L.M.H.; Funding acquisition:
T.T., K.T., H.K.

Data availability
The cDNA read data were submitted to the DDBJ Read Archive (Accession number
DRA010271).

References
Bentley, K. J. and Hershenson, M. B. (2008). Airway smooth muscle growth in

asthma: proliferation, hypertrophy, and migration. Proc. Am. Thorac. Soc. 5,
89-96. doi:10.1513/pats.200705-063VS

Vieira Braga, F. A., Kar, G., Berg, M., Carpaij, O. A., Polanski, K., Simon, L. M.,
Brouwer, S., Gomes, T., Hesse, L., Jiang, J. et al. (2019). A cellular census of
human lungs identifies novel cell states in health and in asthma. Nat. Med. 25,
1153-1163. doi:10.1038/s41591-019-0468-5

Daniely, Y., Liao, G., Dixon, D., Linnoila, R. I., Lori, A., Randell, S. H., Oren, M.
and Jetten, A. M. (2004). Critical role of p63 in the development of a normal
esophageal and tracheobronchial epithelium. Am. J. Physiol. Cell Physiol. 287,
C171-C181. doi:10.1152/ajpcell.00226.2003

Hama, H., Kurokawa, H., Kawano, H., Ando, R., Shimogori, T., Noda, H.,
Fukami, K., Sakaue-Sawano, A. and Miyawaki, A. (2011). Scale: a chemical
approach for fluorescence imaging and reconstruction of transparent mouse
brain. Nat. Neurosci. 14, 1481-1488. doi:10.1038/nn.2928

Hegab, A. E., Ha, V. L., Gilbert, J. L., Zhang, K. X., Malkoski, S. P., Chon, A. T.,
Darmawan, D. O., Bisht, B., Ooi, A. T., Pellegrini, M. et al. (2011). Novel stem/
progenitor cell population from murine tracheal submucosal gland ducts with
multipotent regenerative potential. Stem Cells 29, 1283-1293. doi:10.1002/stem.
680

Hines, E. A., Jones, M.-K. N., Verheyden, J. M., Harvey, J. F. and Sun, X. (2013).
Establishment of smooth muscle and cartilage juxtaposition in the developing
mouse upper airways.Proc. Natl. Acad. Sci. USA 110, 19444-19449. doi:10.1073/
pnas.1313223110

Hoegger, M. J., Awadalla, M., Namati, E., Itani, O. A., Fischer, A. J., Tucker, A. J.,
Adam, R. J., McLennan, G., Hoffman, E. A., Stoltz, D. A. et al. (2014).
Assessing mucociliary transport of single particles in vivo shows variable speed
and preference for the ventral trachea in newborn pigs. Proc. Natl. Acad. Sci. USA
111, 2355-2360. doi:10.1073/pnas.1323633111

Hou, Z., Wu, Q., Sun, X., Chen, H., Li, Y., Zhang, Y., Mori, M., Yang, Y., Que, J.
and Jiang, M. (2019). Wnt/Fgf crosstalk is required for the specification of basal
cells in the mouse trachea. Development 146, dev171496. doi:10.1242/dev.
171496

Huang, D. W., Sherman, B. T. and Lempicki, R. A. (2009a). Bioinformatics
enrichment tools: paths toward the comprehensive functional analysis of large
gene lists. Nucleic Acids Res. 37, 1-13. doi:10.1093/nar/gkn923

Huang, D. W., Sherman, B. T. and Lempicki, R. A. (2009b). Systematic and
integrative analysis of large gene lists using DAVID bioinformatics resources. Nat.
Protoc. 4, 44-57. doi:10.1038/nprot.2008.211

Kishimoto, K., Tamura, M., Nishita, M., Minami, Y., Yamaoka, A., Abe, T.,
Shigeta, M. and Morimoto, M. (2018). Synchronized mesenchymal cell
polarization and differentiation shape the formation of the murine trachea and
esophagus. Nat. Commun. 9, 2816. doi:10.1038/s41467-018-05189-2

Kurotani, R., Tomita, T., Yang, Q., Carlson, B. A., Chen, C. and Kimura, S.
(2008). Role of secretoglobin 3a2 in lung development. Am. J. Respir. Crit. Care
Med. 178, 389-398. doi:10.1164/rccm.200707-1104OC

Lynch, T. J., Anderson, P. J., Rotti, P. G., Tyler, S. R., Crooke, A. K., Choi, S. H.,
Montoro,D. T., Silverman, C. L., Shahin,W., Zhao, R. et al. (2018). Submucosal
gland myoepithelial cells are reserve stem cells that can regenerate mouse
tracheal epithelium. Cell Stem Cell 22, 653-667.e5. doi:10.1016/j.stem.2018.03.
017

Montoro, D. T., Haber, A. L., Biton, M., Vinarsky, V., Lin, B., Birket, S. E.,
Yuan, F., Chen, S., Leung, H. M., Villoria, J. et al. (2018). A revised airway
epithelial hierarchy includes CFTR-expressing ionocytes. Nature 560, 319-324.
doi:10.1038/s41586-018-0393-7

Mori, M., Mahoney, J. E., Stupnikov, M. R., Paez-Cortez, J. R., Szymaniak, A. D.,
Varelas, X., Herrick, D. B., Schwob, J., Zhang, H. and Cardoso, W. V. (2015).
Notch3-Jagged signaling controls the pool of undifferentiated airway progenitors.
Development 142, 258-267. doi:10.1242/dev.116855

Ostrowski, L. E., Hutchins, J. R., Zakel, K. and O’Neal, W. K. (2003). Targeting
expression of a transgene to the airway surface epithelium using a ciliated cell-
specific promoter. Mol. Ther. 8, 637-645. doi:10.1016/S1525-0016(03)00221-1

Pellegrini, G., Dellambra, E., Golisano, O., Martinelli, E., Fantozzi, I.,
Bondanza, S., Ponzin, D., McKeon, F. and De Luca, M. (2001). p63 identifies
keratinocyte stem cells. Proc. Natl. Acad. Sci. USA 98, 3156-3161. doi:10.1073/
pnas.061032098

Rock, J. R., Onaitis, M. W., Rawlins, E. L., Lu, Y., Clark, C. P., Xue, Y.,
Randell, S. H. and Hogan, B. L. M. (2009). Basal cells as stem cells of the mouse
trachea and human airway epithelium. Proc. Natl. Acad. Sci. USA 106,
12771-12775. doi:10.1073/pnas.0906850106

6

RESEARCH ARTICLE Biology Open (2021) 10, bio058676. doi:10.1242/bio.058676

B
io
lo
g
y
O
p
en

https://asia.ensembl.org/Mus_musculus/Info/Index?db=core
https://asia.ensembl.org/Mus_musculus/Info/Index?db=core
https://asia.ensembl.org/Mus_musculus/Info/Index?db=core
https://david.ncifcrf.gov/
https://david.ncifcrf.gov/
https://doi.org/10.1513/pats.200705-063VS
https://doi.org/10.1513/pats.200705-063VS
https://doi.org/10.1513/pats.200705-063VS
https://doi.org/10.1038/s41591-019-0468-5
https://doi.org/10.1038/s41591-019-0468-5
https://doi.org/10.1038/s41591-019-0468-5
https://doi.org/10.1038/s41591-019-0468-5
https://doi.org/10.1152/ajpcell.00226.2003
https://doi.org/10.1152/ajpcell.00226.2003
https://doi.org/10.1152/ajpcell.00226.2003
https://doi.org/10.1152/ajpcell.00226.2003
https://doi.org/10.1038/nn.2928
https://doi.org/10.1038/nn.2928
https://doi.org/10.1038/nn.2928
https://doi.org/10.1038/nn.2928
https://doi.org/10.1002/stem.680
https://doi.org/10.1002/stem.680
https://doi.org/10.1002/stem.680
https://doi.org/10.1002/stem.680
https://doi.org/10.1002/stem.680
https://doi.org/10.1073/pnas.1313223110
https://doi.org/10.1073/pnas.1313223110
https://doi.org/10.1073/pnas.1313223110
https://doi.org/10.1073/pnas.1313223110
https://doi.org/10.1073/pnas.1323633111
https://doi.org/10.1073/pnas.1323633111
https://doi.org/10.1073/pnas.1323633111
https://doi.org/10.1073/pnas.1323633111
https://doi.org/10.1073/pnas.1323633111
https://doi.org/10.1242/dev.171496
https://doi.org/10.1242/dev.171496
https://doi.org/10.1242/dev.171496
https://doi.org/10.1242/dev.171496
https://doi.org/10.1093/nar/gkn923
https://doi.org/10.1093/nar/gkn923
https://doi.org/10.1093/nar/gkn923
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1038/s41467-018-05189-2
https://doi.org/10.1038/s41467-018-05189-2
https://doi.org/10.1038/s41467-018-05189-2
https://doi.org/10.1038/s41467-018-05189-2
https://doi.org/10.1164/rccm.200707-1104OC
https://doi.org/10.1164/rccm.200707-1104OC
https://doi.org/10.1164/rccm.200707-1104OC
https://doi.org/10.1016/j.stem.2018.03.017
https://doi.org/10.1016/j.stem.2018.03.017
https://doi.org/10.1016/j.stem.2018.03.017
https://doi.org/10.1016/j.stem.2018.03.017
https://doi.org/10.1016/j.stem.2018.03.017
https://doi.org/10.1038/s41586-018-0393-7
https://doi.org/10.1038/s41586-018-0393-7
https://doi.org/10.1038/s41586-018-0393-7
https://doi.org/10.1038/s41586-018-0393-7
https://doi.org/10.1242/dev.116855
https://doi.org/10.1242/dev.116855
https://doi.org/10.1242/dev.116855
https://doi.org/10.1242/dev.116855
https://doi.org/10.1016/S1525-0016(03)00221-1
https://doi.org/10.1016/S1525-0016(03)00221-1
https://doi.org/10.1016/S1525-0016(03)00221-1
https://doi.org/10.1073/pnas.061032098
https://doi.org/10.1073/pnas.061032098
https://doi.org/10.1073/pnas.061032098
https://doi.org/10.1073/pnas.061032098
https://doi.org/10.1073/pnas.0906850106
https://doi.org/10.1073/pnas.0906850106
https://doi.org/10.1073/pnas.0906850106
https://doi.org/10.1073/pnas.0906850106


Rock, J. R., Randell, S. H. and Hogan, B. L. M. (2010). Airway basal stem cells: a
perspective on their roles in epithelial homeostasis and remodeling. Dis. Model
Mech. 3, 545-556. doi:10.1242/dmm.006031

Tadokoro, T., Gao, X., Hong, C. C., Hotten, D. and Hogan, B. L. M. (2016). BMP
signaling and cellular dynamics during regeneration of airway epithelium from
basal progenitors. Development 143, 764-773. doi:10.1242/dev.126656

Tata, A., Kobayashi, Y., Chow, R. D., Tran, J., Desai, A., Massri, A. J.,
McCord, T. J., Gunn, M. D. and Tata, P. R. (2018). Myoepithelial cells of
submucosal glands can function as reserve stem cells to regenerate airways after
injury. Cell Stem Cell 22, 668-683.e6. doi:10.1016/j.stem.2018.03.018

Thomas, M., Langley, B., Berry, C., Sharma, M., Kirk, S., Bass, J. and
Kambadur, R. (2000). Myostatin, a negative regulator of muscle growth, functions
by inhibiting myoblast proliferation. J. Biol. Chem. 275, 40235-40243. doi:10.
1074/jbc.M004356200

Travaglini, K. J., Nabhan, A. N., Penland, L., Sinha, R., Gillich, A., Sit, R. V.,
Chang, S., Conley, S. D., Mori, Y., Seita, J. et al. (2020). A molecular cell atlas of

the human lung from single-cell RNA sequencing. Nature 587, 619-625. doi:10.
1038/s41586-020-2922-4

Tsao, P.-N., Vasconcelos, M., Izvolsky, K. I., Qian, J., Lu, J. and Cardoso, W. V.
(2009). Notch signaling controls the balance of ciliated and secretory cell fates in
developing airways. Development 136, 2297-2307. doi:10.1242/dev.034884

Wakitani, S., Imoto, K., Kimura, T., Ochi, T., Matsumoto, K. and Nakamura, T.
(1997). Hepatocyte growth factor facilitates cartilage repair. full-thickness articular
cartilage defect studied in rabbit knees. Acta Orthop. Scand. 68, 474-480.

Watson, J. K., Rulands, S., Wilkinson, A. C., Wuidart, A., Ousset, M., Van
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