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Telomere shortening impairs alveolar regeneration
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Abstract

Objectives: Short telomeres in alveolar type 2 (AT2) cells have been associated with

many lung diseases. The study aimed to investigate the regeneration capacity of AT2

cells with short telomeres by knocking out Tert in mice (G4 Tert�/�) from the whole

to the cellular level.

Materials and Methods: The lung injury model of mice was established by left pneu-

monectomy (PNX). The proliferation and differentiation of AT2 cells were observed

by immunofluorescence staining in vivo and in vitro. The difference of the gene

expression between control and G4 Tert�/� group during the regeneration of AT2

cells was compared by RNA sequencing. The expression of tubulin polymerization

promoting protein 3 (TPPP3) was reduced by adeno-associated virus delivery.

Results: The alveolar regeneration in G4 Tert�/� mice was impaired after PNX-

induced lung injury. The regulation of cytoskeleton remodelling was defective in G4

Tert�/� AT2 cells. The expression of TPPP3 was gradually increased during AT2 cell

differentiation. The expression level of TPPP3 was reduced in G4 Tert�/� AT2 cells.

Reducing TPPP3 expression in AT2 cells limits the microtubule remodelling and dif-

ferentiation of AT2 cells.

Conclusion: Short telomeres in AT2 cells result in the reduced expression level of

TPPP3, leading to impaired regeneration capacity of AT2 cells.

1 | INTRODUCTION

Telomeres are composed of TTAGGG repeated DNA sequences and

shelterin proteins, which cover the ends of chromosomes to protect

them from degradation and DNA damage reactions.1,2 Telomeres pro-

gressively shorten with age in humans and mice, eventually triggering

senescence and apoptosis. The length of telomeres is maintained by

telomerase, a specialized reverse transcriptase with two components:

the RNA template telomerase RNA component (TERC) and the cata-

lytic component telomerase reverse transcriptase (TERT).3 Mutations

in TERT and/or TERC can lead to the deficient telomerase, and ulti-

mately to telomere shortening.

Short telomeres have been linked to lung diseases for decades,4–6

and are strongly associated with abnormal alveolar type 2 (AT2) cells.

In patients with idiopathic pulmonary fibrosis (IPF), the telomere

lengths of AT2 cells were shorter than those of surrounding cells, and

the telomere lengths of AT2 cells in fibrotic areas were even shorter

than in non-fibrotic areas.7 Moreover, the telomere lengths of AT2

cells in patients with TERT mutations were significantly shorter than in

normal patients. In mice, short telomeres enhanced susceptibility to

pulmonary fibrosis and emphysema after exposure to bleomycin or

cigarettes.8,9 Overexpression of Tert in AT2 cells increased telomere

length and the proliferation of AT2 cells, also significantly reducing

DNA damage, apoptosis and senescence.10 These studies
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demonstrated that short telomeres resulted in abnormal AT2 cells,

eventually driving the development of lung diseases.

There are two types of alveolar epithelial cells: large and flat alve-

olar type 1 (AT1) cells, which are responsible for gas exchange, and

AT2 cells that function as alveolar stem cells.11,12 AT2 cells are known

to proliferate and differentiate into AT1 cells after lung injury to main-

tain the normal alveolar structure and function.13,14 It has been

reported that impaired regeneration of AT2 cells can lead to the lung

diseases.15–17

The cytoskeleton is a complex, dynamic network of protein fila-

ments in the cytoplasm of all cells. The cytoskeleton has been shown

to be involved in construction of cells morphology, maintenance of

structural integrity, cell division and migration.18–20 Eukaryotes com-

prise three cytoskeletal polymers, microtubules, actin and intermedi-

ate filaments. It has been reported that cytoskeleton remodelling is an

indispensable part in the cell growth and maturation.19,21 Microtu-

bules participate in the cell proliferation, the mitotic spindle formation

and cellular organization by locating organelles and establishing the

polarity of various cells in plants and animals. Microtubules also pro-

vide tracks for motor proteins that catalyse the movement of organ-

elles, transport vesicles and other structures.22–24 The tubulin

polymerization promoting protein 3 (TPPP3) is one of the members of

tubulin polymerization promoting protein family members (TPPPs),

which are regulators of microtubule dynamic that has microtubule

bundling activity.25–27 Previous studies showed that TPPPs are

required for central and peripheral nerve regeneration.28,29 However,

the relationship between cytoskeleton and alveolar regeneration has

not been studied yet.

Nowadays, the vital role of alveolar regeneration in the lung dis-

eases is gradually recognized, but few studies on the short telomere-

related alveolar regeneration have been fully elaborated, and the

researches on mechanism of impaired regeneration of AT2 cells of

short telomere are scarce. Therefore, it is necessary to investigate the

effect of short telomeres on alveolar regeneration, and further explore

the mechanism to provide new ideas for the diagnosis and treatment

of lung diseases. Here, we established a murine model of short telo-

meres with Tert knockout mice after four generations of inbreeding

(G4 Tert�/�) and investigated the regeneration of AT2 cells in G4

Tert�/� mice after pneumonectomy (PNX). We demonstrated that the

telomere length in G4 Tert�/� AT2 cells was shortened. The prolifera-

tion and differentiation of AT2 cells were both impaired in G4 Tert�/�

AT2 cells. We found that the expression level of TPPP3, which regu-

lates microtubule remodelling during AT2 cell differentiation, was

decreased in G4 Tert�/� AT2 cells. The reduced TPPP3 expression

results in impaired differentiation of G4 Tert�/� AT2 cells.

2 | MATERIALS AND METHODS

2.1 | Mice

Sftpc-CreERT2 (Sftpc-CreER); Rosa26-CAG-mTmG (Rosa26-mTmG),

mTert�/� and pdgfα+-eGFP have been described previously.30,31 In

brief, homozygote Tert�/� mice were crossed with Sftpc-CreER;

Rosa26-mTmG mice to produce Sftpc-CreER; mTert�/+; Rosa26-

mTmG, and these mice were crossed to generate the first generation

of Sftpc-CreER; mTert�/�; Rosa26-mTmG (G1 Tert�/�). The fourth

generation of Sftpc-CreER; mTert�/�; Rosa26-mTmG (G4 Tert�/�)

mice were inbred from G1 Tert�/�. The mice were provided food and

water ad libitum and held at 24–26�C and humidity of 50%–60%. All

mice experiments were performed in accordance with the guidelines

for the use and care of laboratory animals of National Institute of

Biological Sciences (NIBS). Male transgenic Sftpc-CreER; Rosa26-

mTmG (control), Sftpc-CreER; mTert�/�; Rosa26-mTmG (G4 Tert�/�)

and pdgfα+-eGFP (Pdgfα+ stromal cells) aged 8–10 weeks were stud-

ied. The mice were administered four doses of tamoxifen (TAM, Sigma

T5648-1G) intratracheally before PNX and the isolation of AT2 cells.

2.2 | Pneumonectomy

As previously described,32 the control and G4 Tert�/� mice were

anaesthetized by intraperitoneal injection of 0.8% pentobarbital sodium

(0.1 ml/10 g body weight). An incision was made at the fourth intercos-

tal ribs, and the left lung was removed. The mice were sacrificed on

post-PNX Days 0, 5, 14 and 21 days to assess changes in lung morphol-

ogy and gene expression of RNA sequencing (RNA-seq).

2.3 | Haematoxylin and eosin staining

The lungs in control and G4 Tert�/� mice were fixed with 4% parafor-

maldehyde (PFA) for 24 h, then paraffin-embedded and sectioned.

The experiment followed the standard Haematoxylin and eosin (H&E)

protocol. In brief, after dewaxing and rehydrating, the slides were sta-

ined with haematoxylin (Abcam, ab150678) for 2 min, and eosin

(Sigma, ht110280) for 1 min. The slices were dehydrated and

mounted with natural resin.

2.4 | Immunofluorescence staining

The lung tissues and cells of mice were fixed with 4% PFA under 4�C

for 24 h, and OCT embedding was done after 30% sucrose

cryoprotection. Then immunofluorescence staining was performed for

frozen sections of 20-μm thickness. Briefly, the sections were

antigen-repaired with citric acid and blocked at room temperature for

1 h. Then the sections were incubated with primary antibody at 4�C

overnight in darkness. The primary antibodies used are as follows:

chicken-anti-GFP (1:500, ab13970-100), rabbit-anti-HOPX (1:100,

sc-30216), mouse-anti-HOPX (1:100, sc-398703), mouse-acetylated

tubulin (1:100, T6793, Sigma), rat-anti-Ki67 (1:100, ab15580), rabbit-

anti-sftpc (1:200, ab3786), rabbit-anti-TPPP3 (1:50, NBP2-13469)

and phalloidin (1:50, ab176757). The secondary antibody was diluted

at 1:500 and incubated for 3 h at room temperature. The nucleus was

stained with DAPI. The sections were mounted with glycerin.
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2.5 | Isolating AT2 cells and pdgfα+ stromal cells

For cell culture and fluorescence in situ hybridization (FISH), control, G4

Tert�/� and pdgfα mice were sacrificed in homeostasis. For RNA-seq,

control and G4 Tert�/� mice were sacrificed on post-PNX Days 0 and 14.

Then the digestive enzyme solution containing neutral protease (5 U/ml,

LS02111, Worthington) and DNase I (0.33 U/ml, 10104159001, Roche)

were injected into the trachea. After incubating for 45 min in digestive

enzymes solution, the lung was cut into small pieces and vortexed on low

power for 10 min. The cell mixture was filtered through 100 and 40-μm

strainers and incubated in red blood cell lysis buffer for 5 min. The cells

were stained with antibodies as follows: PE-Cy™7 rat anti-mouse CD31

(1:400, B&D, 561410) and PE-Cy™7 rat anti-mouse CD45 (1:400, B&D,

552848). AT2 cells and pdgfα+ stromal cells were sorted for selecting

GFP+CD31�CD45� cells using the single-cell module on the BD

fluorescence-activated cell sorting (FACS) Aria fusion I appliance.

2.6 | Fluorescence in situ hybridization

The suspension of AT2 cells in control and G4 Tert�/� mice sorted by

FACS were fixed with PFA, and dropped on slides at a concentration

of 1000 cells/50 μl, then baked at 55�C overnight. Slides were

washed in PBS for 15 min and then incubated in RNase A solution

(Sigma) for 1 h. After washing in 2� SSC (Thermo) for 30 min, the

slides were immersed in 0.005% pepsin (Sigma) for 4 min at 37�C.

Then gradient alcohol dehydration was performed as followed: 1 min

each in 70%, 85% and 100% alcohol. The slides were incubated in

telomere PNA probe solution (Panagene), denatured at 85�C for

10 min, and then kept at room temperature for 1 h in darkness. The

slides were washed in washing solution of pH 7.4 containing 20 mM

Na2HPO4 (Sigma), 20 mM Tris, 60% formamide (Sigma), 0.1% μg/ml

salmon sperm DNA (Sigma) and 2� SSC for 10 min. The nucleus was

stained with DAPI. The sections were mounted with glycerin.

2.7 | Cell culture

For alveolar organoid culture, the control and G4 Tert�/� AT2 cells were

sorted by FACS as described above, and then separately cultured with

normal pdgfα+ stromal cells in transwell plates. The cell mixture in a well

consisted of 5000–10,000 AT2 cells and 250,000–300,000 pdgfα+ stro-

mal cells in total 90 μl cell suspension. The matrigel (1:100, Corning,

356231) and rock inhibitor (1:1000, Selleckchem, S8448) were added to

improve cell growth. The 600 μl cell culture medium was added to the

well. Then cells were cultured at 37�C with 5% CO2 concentration, and

the medium was changed every other day.

For AT2 cell culture on glass (2D culture system), the matrigel

was added into 24-well plates at 300 μl/well before sorting AT2 cells

by FACS. Sterilized round glasses were placed into wells and incu-

bated overnight at 37�C. AT2 cells were resuspended with medium at

the concentration of 1 � 106/ml. After the matrigel was discarded,

cell suspension of 400 μl was added to each well. The cells were col-

lected at Days 1, 3, 5 and 7 for immunofluorescence staining.

F IGURE 1 The telomere length of G4
Tert�/� AT2 cells is shortened. (A) The
schematic diagram of breeding strategy used
to generate G4 Tert�/� mice. (B) Image of
fluorescence in situ hybridization of
telomeres of control and G4 Tert�/� AT2
cells. (C) Quantification of the telomere
fluorescence intensity of control and G4
Tert�/� AT2 cells (mean ± SEM, n = 10).
Student's t-test. *p < 0.05, **p < 0.01,
***p < 0.001, n.s., not significant. Scale bars
are 5 μm (B)
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2.8 | RNA sequencing analysis

RNA-seq was performed in the sequencing centre at NIBS. The mRNA

enrichment and ribosomal RNA removal were performed, then the cDNA

was synthesized and the adapter-linked sequencing library was prepared.

The library was then sequenced on a high-throughput platform (Illumina,

NextSeq 2000, USA) to a reading depth of 20 million reads per sample,

and 86 bp single-end reads were generated. After removal of adaptors

and low-quality reads, clean reads of each sample were mapped to the

mouse reference genome (UCSC mm10) via STAR software (version

2.7.2a) with default parameters, then all the resulting Binary Alignment

MapBAM files were used for gene expression level quantification via fea-

ture Counts software (version 1.6.4) based on the annotated gene struc-

tures (UCSC mm10) with default parameter settings. After that, gene

F IGURE 2 The alveolar
regeneration in G4 Tert�/� mice
is impaired. (A) Analysis of
control and G4 Tert�/� mice
was performed on post-PNX
Days 0, 5 and 21.
(B) Representative H&E
photomicrographs of lung
sections from control and G4
Tert�/� mice on post-PNX Days
0 and 21. (C) Quantification of
the mean linear intercept (MLI)
(μm) of control and G4 Tert�/�

mice on post-PNX Days 0 and
21 (mean ± SEM, n = 3).
(D) Lungs were stained with
antibodies against Ki67 and
GFP on post-PNX Day 5. White
arrowheads indicate
proliferating AT2 cells.
(E) Quantification of the
percentage of Ki67+GFP+ cells/
all GFP+ cells (mean ± SEM,
n = 3). (F) Lungs were stained
with antibodies against HOPX,
GFP on post-PNX Day 21.
White arrowheads indicate the
AT1 cells derived from lineage
labelled AT2 cells.
(G) Quantification of the
percentage of HOPX+GFP+

cells/all GFP+ cells (mean
± SEM, n = 3). Student's t-test.
*p < 0.05, **p < 0.01,
***p < 0.001, n.s., not
significant. Scale bars represent
50 μm (D,F), 100 μm (B)
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expression profiles of all samples were subjected to perform differential

gene expression analysis, and differentially expressed genes (DEGs)

between any two conditions were identified via edgeR package (version

3.28.1) based on the overdispersed Poisson model and empirical bays

methods. Next, DEGs with fold change ≥1.5 and adjusted p-value <0.05

were screened for further analysis.

F IGURE 3 Legend on next page.
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2.9 | Adeno-associated virus delivery

After the endotracheal cannula was inserted into the trachea of the

anaesthetized mice, the AAV2/9 virus expressing Tppp3 shRNA

(GCGAAATCTGCTAGAGTAA) or scramble shRNA (TTCTCCGA

ACGTGTCACGT) was delivered into the mouse lungs (Obio Technology

company China, Shanghai). Each mouse was treated with 1 � 1011 cop-

ies of the viral genome diluted in 50 μl of warm sterile saline. Fourteen

days after the delivery of the AAV2/9 virus, AT2 cells of these mice

were collected for quantitative RT-PCR analysis and 2D cell culture.

2.10 | Statistical analysis

All values are expressed as mean ± SEM. The Student's t-test of vari-

ance was used to analyse the differences between groups. Statistical

analysis was performed using GraphPad Prism software. p < 0.05 was

considered statistically significant.

3 | RESULTS

3.1 | The telomere length is reduced in AT2 cells
of Tert knockout mice

We generated Tert�/� null mice by genetically deleting the telome-

rase reverse transcriptase. To specifically lineage trace the cellular

behaviours of AT2 cells in the lung, we generated a Sftpc-CreER;

mTert�/�; Rosa26-mTmG mouse model (Figure 1A). In this model,

AT2 cells can be lineage labelled by green fluorescent protein (GFP)

after intraperitoneal administration of tamoxifen (TMX). In addition,

these mice were inbred to the fourth generation of Sftpc-CreER;

mTert�/�; Rosa26-mTmG (G4 Tert�/�) based on previous studies,33

while Sftpc-CreER; Rosa26-mTmG mice were used as control mice

(control).

To determine the lengths of telomeres in AT2 cells of G4

Tert�/� mice, we isolated AT2 cells from control and G4 Tert�/�

mice and performed quantitative fluorescence in situ hybridization.

As shown in Figure 1B, the nuclei of AT2 cells in the control mice

were labelled with a large number of green telomeric DNA probes.

The intensity of fluorescence was significantly reduced in G4

Tert�/� AT2 cells (Figure 1C). Therefore, we concluded that the

length of telomeres in G4 Tert�/� AT2 cells was significantly

reduced.

3.2 | The regeneration of G4 Tert�/� AT2 cells is
impaired

We then analysed the lung morphology by H&E staining of control

and G4 Tert�/� mice in homeostasis and after a left PNX (Figure 2A).

PNX can induce alveolar regeneration in mice. The H&E staining of

the lung shows no observed differences between non-injured control

and G4 Tert�/� mice (Figure 2B). We also observed the lung morphol-

ogy of control and G4 Tert�/� mice in lung injury model. On post-PNX

Day 21, H&E staining revealed enlarged alveoli of G4 Tert�/� mice

compared to the alveoli of control mice (Figure 2B,C).

To further investigate the regeneration capacity of AT2 cells in G4

Tert�/� mice after PNX, the proliferation of AT2 cells was analysed by an

immunofluorescence staining using an antibody against Ki67. AT2 cells

of G4 Tert�/� lungs showed significantly reduced proliferation rate com-

pared to AT2 cells of control mice on post-PNX Day 5 (Figure 2D,E).

On post-PNX Day 21, we investigate the AT2 cell differentiation

by an immunofluorescence staining experiment using antibodies

against the AT1 marker HOPX and GFP in control and G4 Tert�/�

lungs. In control lungs, a large number of HOPX+GFP+ cells, which

are derived from AT2 cells, showed long and flat AT1 cell phenotypes

(Figure 2F). G4 Tert�/� lungs had fewer HOPX+GFP+ cells than con-

trol lungs, and many of the G4 Tert�/� HOPX+GFP+ cells were not

elongated. We quantified both HOPX+GFP+ cells and GFP+ cells, and

found that the percentage of AT2 cell-derived AT1 cells in G4 Tert�/�

mice was significantly reduced compared to control lungs on post-

PNX Day 21 (Figure 2G). Together, these results indicated that post-

PNX alveolar regeneration is impaired in G4 Tert�/� mice.

3.3 | The impaired regeneration of G4 Tert�/� AT2
cells cannot be rescued by normal stromal cells

Because of the loss of Tert in all cells in our mouse model, we could

not exclude the effect of stromal cells with Tert deficiency on the

regeneration of AT2 cells in G4 Tert�/� mice. We therefore set up an

alveolar organoid system by culturing wild type stromal cells with G4

Tert�/� AT2 cells. We separately cultured AT2 cells of control or G4

Tert�/� mice with stromal cells that were collected from control mice,

and analysed the alveolar spheres on Days 7 and 14 (Figure 3A). We

found that AT2 cells in G4 Tert�/� mice generated fewer organoids

when co-cultured with wild type Pdgfrα+ stromal cells (Figure 3B).

The colony forming efficiency (CFE) in G4 Tert�/� AT2 cells was sig-

nificantly reduced (Figure 3C). By immunofluorescence staining

F IGURE 3 G4 Tert�/� AT2 cells show impaired proliferation and differentiation in vitro. (A) Analysis of the alveolar organoids culture of

control and G4 Tert�/� AT2 cells at Days 7 and 14. (B) Image of alveolar organoids of control and G4 Tert�/� mice at Day 14. (C–E) Quantification
of the colony forming efficiency (CFE) (n = 3) (C), the percentage of Ki67+prospc+ cells/all prospc+ cells (D) and HOPX+DAPI+ cells/all DAPI+

cells (E) (mean ± SEM, n = 6). (F) Alveolar organoids were stained with antibodies against prospc, Ki67 at Day 7. (G) Alveolar organoids were
stained with antibodies against prospc, HOPX at Day 14. (H) Analysis of 2D cell culture of control and G4 Tert�/� AT2 cells at Day 7. (I) Diagram
of the 2D cell culture model of AT2 cells in vitro. (J) Cells were stained with antibodies against HOPX and GFP at Day 7. (K) Quantification of
mean HOPX fluorescence intensity of control and G4 Tert�/� cells (mean ± SEM, n = 10). *p < 0.05, **p < 0.01, ***p < 0.001, n.s., not significant.
Student's t-test. Scale bars represent 20 μm (F), 50 μm (G,J), and 1 mm (B)
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experiments, we found that the proliferation and differentiation of

AT2 cells in G4 Tert�/� mice were impaired when co-cultured with

wild type stromal cells (Figure 3D–G).

To further explore whether the impaired differentiation of G4

Tert�/� AT2 cells is independent of their reduced proliferation, we

constructed a 2D cell culture model for AT2 cells. AT2 cells isolated

by FACS were cultured on the glass in vitro (Figure 3I). In this culture

model, AT2 cells can differentiate into AT1 cells without proliferation.

We then evaluated the differentiation in G4 Tert�/� AT2 cells by

immunofluorescence staining against GFP and HOPX on Day

7 (Figure 3H). Compared to the control AT2 cells, the expression level

of HOPX in G4 Tert�/� group was significantly reduced (Figure 3J,K),

indicating the impaired differentiation of G4 Tert�/� AT2 cells. These

results demonstrated that G4 Tert�/� AT2 cells have limited self-

renewal and differentiation capacity and the impaired differentiation of

G4 Tert�/� AT2 cells is independent of their decreased proliferation.

3.4 | The gene expression that regulates
cytoskeleton remodelling is decreased in G4 Tert�/�

AT2 cells on post-PNX Day 14

To further understand the mechanisms underlying G4 Tert�/� AT2

cell-mediated defective regeneration, we performed RNA-seq analysis

to characterize the DEGs in G4 Tert�/� AT2 cells compared to control

mice. According to a previous study,32 the differentiation of AT2 cells

F IGURE 4 Genes that regulated cytoskeleton remodelling were down-regulated in G4 Tert�/� AT2 cells. (A) Analysis of RNA sequencing of
control and G4 Tert�/� AT2 cells on post-PNX Days 0 and 14. (B,E) Volcano plot of the differentially expressed genes (DEGs) of control and
G4 Tert�/� AT2 cells on post-PNX Days 0 and 14. (C,D) Functional enrichment analysis with GO biological processes of up- and down-regulated
genes in G4 Tert�/� AT2 cells on post-PNX Day 0. (F,G) Functional enrichment analysis with GO biological processes of up- and down-regulated
genes in G4 Tert�/� AT2 cells on post-PNX Day 14. The X-axis represents the �log10 (p-value)
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F IGURE 5 Defective cytoskeleton remodelling during the differentiation of G4 Tert�/� AT2 cells. (A) Analysis of acetylated-tubulin (Ac-
tubulin) and actin of control AT2 cells at Days 1, 3, 5 and 7 in 2D cell culture model. (B) Cells were stained with antibodies against phalloidin, Ac-
tubulin and GFP at Days 1, 3, 5 and 7. (C,D) Quantification of the network number of microtubules in each cell and the mean actin fluorescence
intensity of control AT2 cells at Days 1, 3, 5 and 7 (mean ± SEM, n = 10). (E) Analysis of the differentiation of control and G4 Tert�/� AT2 cells at
Day 7. (F) Cells were stained with antibodies against phalloidin and Ac-tubulin of control and G4 Tert�/� AT2 cells at Day 7. (G,H) Quantification
of the network number of microtubules in each cell and the mean actin fluorescence intensity of control and G4 Tert�/� mice at Day 7 (mean
± SEM, n = 10). *p < 0.05, **p < 0.01, ***p < 0.001, n.s., not significant. Student's t-test. Scale bars represent 20 μm (B), 50 μm (F)
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was observed on post-PNX Day 14. Therefore, we analysed the DEGs

in the differentiation of G4 Tert�/� AT2 cells on post-PNX Day

14 (Figure 4A). Among a total of 1742 DEGs on post-PNX Day

14, 514 genes were up-regulated and 1228 were down-regulated in

G4 Tert�/� AT2 cells (Figure 4E). GO analysis showed that the up-

regulated genes exhibited enrichment for genes with functional anno-

tations related to the following terms: regulation of transcription,

covalent chromatin modification, protein heterotrimerization and cel-

lular response to DNA damage stimulus (Figure 4F). The down-

regulated DEGs showed enrichment for genes involved in protein

folding, protein synthesis, cytoskeleton remodelling like microtubule-

based process, sequestering of actin monomers and regulation of

actin cytoskeleton reorganization (Figure 4G). Microtubule and actin

filaments form the cytoskeleton of cells together with microfilaments

in the cytoplasm of eukaryotic cells.34,35 The cytoskeleton is a com-

plex, dynamic network of proteins, which not only functions directly

in maintaining cell morphology, but also participates in many impor-

tant cell activities. We hypothesized that cytoskeleton remodelling

F IGURE 6 The expression of TPPP3 is gradually increased during the differentiation of AT2 cells. (A) Analysis of Ac-tubulin and TPPP3 of
control AT2 cells at Days 1, 3, 5 and 7 in the 2D cell culture model. (B) Cells were stained with antibodies against Ac-tubulin and TPPP3 at
Days 1, 3, 5 and 7. (C) Quantification of the mean TPPP3 fluorescence intensity of control AT2 cells at Days 1, 3, 5 and 7 (mean ± SEM, n = 10).
(D) The schematic diagram of TPPP3 located on the microtubules of control AT2 cells at Day 7 in the 2D cell culture model
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F IGURE 7 TPPP3-mediated microtubule remodelling is required for AT2 cell differentiation. (A) Cells of control and G4 Tert�/� AT2 cells
were stained with antibodies against Ac-tubulin and TPPP3 at Day 7. (B) Quantification of the mean TPPP3 fluorescence intensity of control and
G4 Tert�/� cells (mean ± SEM, n = 10). (C) AAV2/9 viruses expressing either Tppp3 shRNA (Tppp3 KD) or scramble shRNA (control) were
delivered into the mouse lungs before collected AT2 cells for 2D cell culture. (D) The relative gene expression of Tppp3 in AT2 cells collected
from mouse lungs treated with either of the viruses. (E) Cells were stained with antibodies against Ac-tubulin and GFP of control and Tppp3 KD
group at Day 7. (F,H) Quantification of the network number of microtubules in each cell and mean HOPX fluorescence intensity of control and
Tppp3 KD mice at Day 7 (mean ± SEM, n = 10). (G) Cells were stained with antibodies against HOPX and GFP of control and Tppp3 KD group at
Day 7. *p < 0.05, **p < 0.01, ***p < 0.001, n.s., not significant. Student's t-test. Scale bars represent 20 μm (A,E,G)
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may be impaired during the differentiation of AT2 cells in G4 Tert�/�

mice. We also analysed the DEGs of G4 Tert�/� AT2 cells compared

to control AT2 cells without PNX (Figure 4B). We found that the gene

expression of inflammatory response was up-regulated, while the reg-

ulation of ion transport and regulation of ribonuclease activity were

down-regulated in G4 Tert�/� AT2 cells (Figure 4C,D).

3.5 | The cytoskeleton remodelling is defective
in the differentiation of G4 Tert�/� AT2 cells

To investigate the cytoskeleton remodelling of AT2 cells in G4 Tert�/�

mice, we cultured AT2 cells isolated from control and G4 Tert�/� mice

in a 2D culture system, and evaluated cytoskeleton remodelling by

immunofluorescence staining against acetylated-tubulin (Ac-tubulin)

and phalloidin (Figure 5A).

We found that the cytoskeleton was rapidly remodelled followed

by the shape changes of AT2 cells during control AT2 cell differentia-

tion. As shown in Figure 5B, the networks of microtubule and actin

contributed to changes in cell shape during the differentiation of AT2

cells. AT2 cells became irregular shaped and showed small cellular

projections, and ultimately formed a complex and orderly cytoskele-

ton structure. The network number of microtubules and the expres-

sion level of actin were gradually increased during the differentiation

of AT2 cells (Figure 5C,D). On Day 7, the cytoskeleton structure of

flattened AT1 cells is established.

We then analysed the cytoskeleton remodelling in G4 Tert�/� AT2

cells on Day 7 (Figure 5E). Compared to the well-organized and stable

microtubule structure in control AT2 cells, the microtubule structure of

G4 Tert�/� cells was disorganized, and the network number of microtu-

bules in cells was decreased (Figure 5F,G). The expression levels of poly-

merized actin in G4 Tert�/� cells were also significantly reduced

(Figure 5H). Therefore, we demonstrated that the cytoskeleton

remodelling is impaired during the differentiation of G4 Tert�/� AT2 cells.

3.6 | Elevated TPPP3 expression follows the
microtubule remodelling during the differentiation
of AT2 cells

According to our RNA-seq results, the gene expression of Tppp3 was

decreased during the differentiation of G4 Tert�/� AT2 cells. Previous

studies showed that the loss of Tppp3 results in defective cytoskele-

ton remodelling.28 Thus we next want to further investigate the

expression of TPPP3 during the differentiation of AT2 cells. We cul-

tured control AT2 cells in the 2D culture system and characterized

the expression levels of TPPP3 by immunofluorescence staining

experiments using antibodies against Ac-tubulin and TPPP3 at Days

1, 3, 5 and 7 (Figure 6A). We found that TPPP3 is initially located on

the microtubule near the nucleus, and then the expression level of

TPPP3 was gradually increased, following the microtubule remodelling

during the differentiation of AT2 cells. The TPPP3 eventually distrib-

utes broadly on the microtubule networks at Day 7 (Figure 6B,C). As

shown in Figure 6D, TPPP3 mostly located on the trunk or intersec-

tions of microtubules on Day 7, suggesting the role of TPPP3 in

maintaining the integrity and stability of microtubules. We then

hypothesized that TPPP3 may be required for the microtubule

remodelling and the differentiation of AT2 cells.

3.7 | TPPP3- mediated microtubule remodelling is
essential for AT2 cell differentiation

We further compared the expression levels of TPPP3 in the control and

G4 Tert�/� AT2 cells by immunofluorescence staining experiments. Our

results showed that the fluorescence intensity of TPPP3 in G4 Tert�/�

cells was significantly lower than that of the control cells (Figure 7A,B).

We then investigated the effects of reducing TPPP3 on the differentia-

tion of AT2 cells. We delivered AAV2/9 viruses expressing either Tppp3

short hairpin RNA (shRNA) (Tppp3 KD) or scramble shRNA (control)

into the lungs of Sftpc-CreER; Rosa26-mTmG mice intratracheally. AT2

cells of treated mice were isolated and cultured on the glass until Day

7 in vitro (Figure 7C). Compared to the control AT2 cells, the expression

of Tppp3 was significantly reduced in Tppp3 KD AT2 cells (Figure 7D).

We found that the microtubule structure in Tppp3 KD cells was disor-

ganized, and the number of microtubule networks in these cells was

significantly decreased compared to control mice (Figure 7E,F). Further-

more, the expression level of HOPX was reduced in Tppp3 KD cells

(Figure 7G,H), indicating the impaired differentiation of Tppp3 KD AT2

cells. Together, these results reveal that TPPP3 is essential for the

microtubule remodelling during AT2 cells differentiation.

4 | DISCUSSION

In this study, we generate G4 Tert�/� mice, in which the telomere

length is shorter compared to control mice. The proliferation and dif-

ferentiation of AT2 cells of G4 Tert�/� mice are significantly

decreased, and co-culturing G4 Tert�/� AT2 cells with wild type stro-

mal cells cannot rescue the defects of G4 Tert�/� AT2 cells. RNA-seq

results revealed that the expression levels of many genes that regulate

the cytoskeleton remodelling are decreased in G4 Tert�/� AT2 cells.

We demonstrated that the cytoskeleton remodelling of G4 Tert�/�

AT2 cells was defective.

The pathogenesis of lung diseases has been related to AT2 cells with

short telomeres.36–38 Short telomere caused by telomere related gene

mutations is closely related to the pathogenesis of interstitial lung

disease,37,39 of which the most common one is IPF. Armanios found that

TERT and TERC mutations are present in 8% of patients with familial IPF

precursors, which have been found in patients with sporadic IPF. Other

studies have found that up to 30% of patients with familial IPF have

shortened telomere length and/or carry telomere related gene muta-

tions.40 In the larger cohort of sporadic IPF, about 10% of patients have

telomere associated mutations, the most common being TERT.41

Previous studies suggested that AT2 cells with short telomeres are rele-

vant to the increased susceptibility to fibrosis and emphysema in mice.8,9
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Gao et al. further confirmed that increased expression of telomeric

repeat-containing RNA (TERRA) in AT2 cells of bleomycin-induced pul-

monary fibrosis mice can lead to increased oxidative stress and apoptosis,

and TERRA inactivation can ameliorate bleomycin-induced pulmonary

fibrosis in mice.42 Alder et al. found that short telomeres in AT2 cells of

Terc�/� mice limited alveolar organoids formation.43 A recent study

showed that overexpression of telomere protection protein 1 (TPP1)

lengthened telomeres, expanded the AT2 cells population and inhibited

bleomycin-induced pulmonary fibrosis and respiratory dysfunction.44

The most common manifestation of short telomere related-lung

diseases is IPF. The impaired alveolar regeneration is recognized as

the important pathogenesis of IPF.31 Few studies elaborated the rela-

tionships between short telomeres and the regeneration of AT2 cells.

Liu and Lee showed that telomere shortening led to AT2 cells senes-

cence and apoptosis, and there are fewer AT2 cells in the lung of

short telomere mice in homeostasis, suggesting that fewer AT2 cells

can be triggered to regenerate after injury.45,46 Our studies also found

that the ability of regeneration of AT2 cells is defective by genetic lin-

eage tracing. Together, these two points can account for the impaired

alveolar regeneration of short telomere mice. Armanios and

co-authors reported that short telomeres in AT2 cells limited alveo-

losphere formation, which are susceptibility to injury that are charac-

teristic of telomere-mediated lung disease.43 However, the underlying

mechanisms of impaired regeneration are poorly understood.

Our studies reveal that short telomere can lead to the impaired alveo-

lar regeneration, closely related to the immature cytoskeleton remodelling.

We show that the cytoskeleton networks remodel significantly during the

differentiation of AT2 cells. Our RNA-seq analysis showed decreased

expression levels of genes that regulated cytoskeleton remodelling in

G4 Tert�/� AT2 cells on post-PNX Day 14. Interestingly, the expression

level of TPPP3 was decreased in G4 Tert�/� AT2 cells in vitro.

The cytoskeleton is a protein filament network formed by microtu-

bules, actin and intermediate filaments.47–49 It functions as establish

and stabilize cell shape, maintains structural integrity, and participates

in cell division, migration and other biological functions.50–52 In the cell

fate, cytoskeleton plays a vital role in the cell growth and development.

It is well known that neural development is particularly reliant on func-

tional microtubule structures. TPPP3 is a member of the tubulin poly-

merization promoting protein family.53,54 It is involved in microtubule

binding and stabilization of existing microtubules, thus maintaining the

integrity of the microtubule network.26,27 Previous studies found that

Tppp null oligodendrocytes have defects in microtubule organization.28

It is also indicated that TPPPs are required for axon regeneration in

central and periphery nervous system after injury,29 but few studies

revealed the role of cytoskeleton in alveolar regeneration.

Thus, we demonstrate that TPPP3 is critical for both the microtu-

bule remodelling and the differentiation of AT2 cells. We propose that

the short telomeres induced by Tert deletion in AT2 cells reduce the

expression of TPPP3, eventually leading to the defective microtubule

remodelling and the impaired differentiation of AT2 cells. It remains a

question whether TERT can directly regulate the expression of TPPP3

in AT2 cells. Further studies are still required to explore the regulatory

mechanism of expression of TPPP3 in AT2 cells.
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