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Abstract

Background
Radiation induced lung injury (RILI) is considered as one of the most common complications of thoracic
radiation. Recent studies have focused on stem cells properties to obtain ideal therapeutic effects and
Sox9 has been reported to be involved in stem cell induction and differentiation. However, whether Sox9-
expressing cells play a role in radiation repair and regeneration remain unknown.

Methods
We successfully obtain SOX9CreER, RosatdTomato and RosaDTA mice and identify Sox9-expressing cells
through lineage tracing assay. Then we evaluated the effects of the ablation of Sox9-expressing cells in
vivo. Furthermore, we investigated the underlying mechanism of Sox9 expressing cells during lung
regeneration via an online single cell RNA-seq dataset.

Results
In our study, we demonstrated Sox9-expressing cells promote regenerative of lung tissues and ablation of
Sox9-expressing cells leads to severe phenotypes after radiation damage. In addition, analysis of online
scRNA-seq dataset revealed an enrichment of PI3K/AKT pathway in Sox9-expressing cells during lung
epithelium regeneration. Finally, AKT inhibitor Perifosine could suppress the regenerative effects of Sox9-
expressing cells.

Conclusions
Taken together, our study suggests that Sox9-expressing cells may serve as a therapeutic target in the
setting of lung tissue after RILI.

1. Introduction
About 4.3 million (Thoracic cancer) new cancer cases and 2.9 million deaths were reported in China alone
in 2018 and most of which had unresectable disease (Feng et al., 2019). Radiotherapy has been
established as one of the most effective treatments when applying to the thoracic malignancies (Ko et al.,
2018; Bradley and Mendenhall, 2018). However, this therapy inevitably caused adverse effects as it could
damage healthy tissues in the radiation �eld. It has been reported that 5%-15% patients suffer from
radiation induced lung injury (RILI) after thoracic radiation (Giuranno et al., 2019; Hanania et al., 2019). In
clinical, RILI can develop into radiation pneumonia in the acute phase or radiation pulmonary �brosis.
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Recently, emerging studies had concentrated on the potentiality of stem cells for treatment of lung-
associated diseases, including RILI (Zanoni et al., 2019; Jones-Freeman and Starkey, 2020; Mobius and
Thebaud, 2016). In addition, resistance to radiation and potential regeneration capacity had been de�ned
as one of traits of stem cells in mouse models (Barker, 2014). Hence, stem cell biology seems to provide a
feasible strategy to reduce radiation damage. However, the underlying molecular mechanisms
modulating stem cells maintenance and regeneration during the radiation are largely unknow. Signi�cant
contribution to new interventions for protecting from damage and promoting the repair of radiation
induced lung injury could be made after elucidating these genetic and cellular mechanisms.

Over the past decade, big strides have been made in the identi�cation of stem cell and how they
contribute to regenerate and repair. SOX9, a member of sry-box-containing (SOX) family proteins, has
been identi�ed as a stem cell biomarker by lineage tracing in different organs (Wang et al., 2019;
Domenici et al., 2019). For instance, SOX9 is required for hair induction and directs the outer root sheath
cell to differentiate (Vidal et al., 2005). More importantly, ablation of SOX9 combined with lineage tracing
in intestinal epithelium demonstrated that SOX9 could impart mice intestinal stem cell radiation
resistance (Roche et al., 2015).

Previous studies showed that SOX9 plays a regenerative role in pulmonary epithelial cells(Laughney et
al., 2020; Nichane et al., 2017), showing that SOX9 may regulate proliferative ability after radiation injury.
Nevertheless, whether Sox9-expressing cells functions as stem cells in RILI and endows with radiation
resistance and regeneration remains unclear.

In our study, we depicted an unde�ned role of Sox9-expressing cells in the repair and regeneration during
RILI. Our results show that the number of Sox9-expressing cells was increased after radiation-induced
lung damage. And Sox9-expressing cells were indispensable for repair and reconstruction. Single-cell
RNA sequencing (scRNA-Seq) analysis found PI3K/AKT pathway was elevated in Sox9 high-expressing
cells. Blocking of PI3K/AKT using small molecular inhibitor greatly repress the regenerative ability of
Sox9-expressing cells. Taken together, our provide data show that Sox9-expressing cells is an important
factor in repair and regeneration of radiation-induced lung injury.

2. Materials And Methods
2.1. Mice Models. SOX9CreER, RosatdTomato and RosaDTA mice were from The Jackson Laboratory. For
lineage tracing, SOX9CreER, RosatdTomato mice were intraperitoneally injected with tamoxifen (Sigma,
T5648-1G) at 0.08 mg/g body weight every day for three consecutive days. After radiation treatment
(Rs2000, USA), SOX9CreER, RosatdTomato and RosaDTA mice were sacri�ced at different time points of 3, 7,
14 and 30 days. For PI3K/AKT inhibitor treatment, radiated SOX9CreER, RosatdTomato mice were assigned
into control and Perifosine (250mg/kg mouse weight per week, Beyotime, SC0227) treatment group. After
treating for 2 weeks, lung samples were collected at different time points of 3, 7 and 14 days and injected
with EdU 2 hours prior to euthanasia. All the animal experiments were proceeded as the Institutional
Animal Care and Use Committee-approved protocols.
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2.2. Hematoxylin and Eosin Staining. Lung specimens from mice of knockout and control groups were
harvested, �xed in 4% paraformaldehyde (biosharp, BL539A) for over 24 hours at 4°C. Later after washed
by PBS, samples were dehydrated in gradient ethanol and embedded in para�n. Then, para�n sections
(3–5µm) of lung tissue were stained as the standard protocol (Solarbio, G1120-100). In brief, slides were
then stained with hematoxylin (2 minutes), differentiated with 1% hydrochloric acid ethanol (5 seconds),
stained in eosin (1 minutes), followed by ethanol dehydration and neutral balsam medium seal.

2.3. Immunohistochemical staining and IHC score. For immunological analyses, 3–5 µm microtome
sections were depara�nizing for 30 minutes and rehydrating with gradient alcohol. Then, the
endogenous peroxidase of sections was consumed in 3% H2O2 followed by heat-induced epitope
retrieval. The primary antibody incubation was at 4°C overnight in the following concentrations: SOX9
(1:200; CST, 82630S), Ki67 (1:500; Proteintech, 27309), CD45 (1:200; Abcam, ab10559), α-SMA (1:200;
Abcepta, AD80141), and Caspase-3 (1:200; SAB, 27525). The specimens were washed by phosphate-
buffered saline (PBS) for three times prior to anti-primary secondary antibody incubation for 30 minutes
at 37°C. For enzymatic methods, horseradish peroxidase (HRP) conjugate was used for detection. IHC
score was de�ned by multiplying the percentage of positive cells by the intensity. And the intensity was
scored as 0 (negative), 1+ (weakly staining), 2+ (moderate staining) or 3+ (strongly staining) while the
frequency was scored according to the proportion of positive cells.

2.4. Immuno�uorescence staining. Tissues were �xed in 4% paraformaldehyde and treated with Triton X-
100 (Sigma, US) permeabilization buffer. Following treatment, lung specimens were blocked with PBS
containing 1% bovine serum at room temperature and incubated with primary antibody at 4°C. DyLight
488 and Fluor 594 (Invitrogen, US) was stained for 1 hour at room temperature, after which cell nucleus
was identi�ed by DAPI staining at 1:1000 for 1 minute. Images were obtained with a �uorescence
microscopy.

2.5. Masson’s trichrome staining. Dewaxing and rehydrating sections were acquired according to the
same process described above. In order to evaluate the degree of �brosis and lesion localization,
Masson’s trichrome staining was performed following the standard protocol (G1343, Solarbio).

2.6. Single-Cell Analysis. The scRNA-seq data of mouse tracheal epithelial cells were used in this study
for analysis. A total of 7,662 cells scRNA-seq data, GEO number GSE102580 (Plasschaert et al., 2018),
was acquired from the Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) database.
The data was analyzed using Seurat R package.

2.7. Statistical Analysis. Statistical analysis of all data was carried out by GraphPad Prism 8.0. The data
are expressed as mean ± standard deviation (SD). Statistical signi�cance was analyzed by two-tailed
unpaired Students t-test. P < 0.05 was considered to be signi�cant.

3. Results
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3.1. Sox9-expressing cells contribute to the regeneration of
lung after radiation
To characterize the expression of Sox9 in the mouse adult lung tissue, we �rst performed IHC assay on
normal lung tissues. We found that Sox9 protein was sparsely expressed in the bronchus while barely
detectable in the alveoli of the adult mouse lung (Fig. 1A). However, we observed elevated level of Sox9
protein in the bronchus 3 days after radiation (Fig. 1A). Surprisingly, we also noticed expression of Sox9
in the alveoli region 3 days after radiation (Fig. 1A). To investigate the role of Sox9 expressing cells
during lung homeostasis and healing process after radiation, we carried out lineage tracing assay using
Sox9creER; RosaTomato transgenic mice (Fig. 1B). Consistent with the IHC results, our lineage tracing data
show that Tomato+ cells were located in normal lung epithelium but not in the alveoli region (Fig. 1B).
When we traced these cells for 30 days in normal homeostasis condition, we found that the number of
Tomato+ cells remained constant compared with 3 days (Fig. 1B), suggesting Sox9-expressing cells in the
bronchus have limited function during normal lung homeostasis.

To test whether Sox9-expressing cells play a role in radiation-induced lung regeneration, Sox9creER;
RosaTomato mice were �rst given Tamoxifen and received 15 Gy of radiation in the lung region (Fig. 1C).
After radiation treatment, immuno�uorescent staining results showed Sox9-expressing cells in both
bronchus and alveoli cells were obviously increased (Fig. 1D, E). And the number of Sox9-expressing cells
in the bronchus gradually increased over time after radiation (Fig. 1D). Similarly, we observed expansion
of Tom+ cell colonies which can differentiated into both PDPN positive alveolar type I cells and PDPN
negative alveolar cells. Taken together, our data indicate that Sox9-expressing cells can contribute to the
lung regeneration after radiation.

3.2. Sox9-expressing cells is essential for the regeneration
of lung after radiation
To further interrogate the speci�c role of Sox9-expressing cells during lung regeneration after radiation,
we generated Sox9CreER; RosaTomato; RosaDTA mice that allow for Tamoxifen-inducible expression of
diphtheria toxin A (DTA) enabling targeted ablation of Sox9 expressing cells (Fig. 2A). To examine the
morphological changes of lung in mice after ablation of Sox9 expressing cells during radiation induced
regeneration, the Sox9CreER; RosaTomato; RosaDTA mice and Sox9CreER; RosaTomato transgenic littermates
were subjected to histological examination. Our H&E staining results demonstrated that mouse lung
tissue without Sox9-expressing cells displayed thickening of the alveolar septa and disruption of the
integrity of pulmonary alveoli compared with the control group after radiation (Fig. 2B), suggesting a loss
of regenerative capacity. The lineage tracing results con�rmed that the majority of Sox9 expressing cells
were ablated after Tamoxifen administration (Fig. 2C, D). Furthermore, ablation of Sox9-expressing cells
led to a signi�cantly decreased of proliferating cells and increased apoptosis (Fig. 2E, F) and more severe
lung in�ammatory in�ltration level (Fig. 2G). And compared with control groups, ablation of Sox9-
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expressing cells aggravated the radiation-induced pulmonary �brosis (Fig. 2H, I). These data indicate the
essential role of Sox9-expressing cells in the regeneration and repair of lung after radiation in vivo.

3.3 Sox9 maintains regenerative ability of stem cells via
AKT/PI3K pathway
To further investigate the underlying mechanism of Sox9 expressing cells during lung regeneration, we
analyzed an online single cell RNA-seq dataset which characterized the cellular composition of mouse
regenerating lung epithelium after polidocanol-induced injury (GSE102580) (Plasschaert et al., 2018). We
�rst examined the expression of Sox9 in cycling basal keratinocytes, which are responsible for lung
epithelium regeneration. In accord with our above �ndings, we found Sox9 was up-regulated in a subset
of cycling basal keratinocytes using online dataset (Fig. 3A). We then divided the cycling basal
keratinocytes into Sox9+ and Sox9− population based on their Sox9 expression levels. We used Seurat R
package to determine the differentially expressed genes between these two populations using a Wilcoxon
Rank Sum test. We found 117 genes were signi�cantly elevated in the Sox9+ population. KEGG pathways
analysis of these genes showed enrichment pathways, including cell cycle, focal adhesion, PI3K-Akt
signaling pathway, ECM-receptor interaction and Wnt signaling pathway (Fig. 3B). Indeed, we found
dramatic down regulation of PI3K-Akt signaling pathway downstream targets, such as Ccnd1, Cdk6,
Lamc2, Myc, Pdgfa and Tnc (Fig. 3C). We then examined whether Sox9 expressing cells co-expressed
previous known lung epithelium stem cells markers. Surprisingly, we detected no difference in the
expression of Sox2, Krt14, Krt5 and Trp63 between Sox9+ and Sox9− population (Fig. 3D), suggesting
Sox9 expressing cells were not overlap with previous identi�ed lung epithelium stem cells populations.

3.4. AKT/PI3K pathway inhibitor could attenuate the effect
Finally, to probe the possible functional role of PI3K-Akt signaling pathway in regulating Sox9 expressing
cells during radiation-induced lung regeneration, we used Perifosine, a speci�c AKT inhibitor, to treat mice
after radiation damage. As shown in the Fig. 5A and 5B, after treatment of Perifosine, alveolar septum
was thickened and pulmonary �brosis was deteriorated. Similarly, the proliferation of pulmonary
epithelial cells was signi�cantly reduced (Fig. 5C). And lineage tracing assay results show that Sox9
expressing cells were incapable to differentiate into functional cells like the control group (Fig. 5D and
5E). Therefore, our data indicated that the regeneration and repair of Sox9 expressing cells after radiation
injury is controlled by the PI3K/AKT signaling pathway.

4. Discussion
RILI, including radiation pneumonia and radiation pulmonary �brosis, was characterized of in�ammatory
phenotype and cell repair disorder (Lu et al., 2019). And it is worth noting that emerging evidence
emphasizes the participation of stem cells in RILI, providing new perspective for obtaining better e�cacy.
In our study, data has showed the profound role of Sox9 expressing cells in repair and regeneration in
response to irradiation via PI3K/AKT signaling pathway.
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Recently, new researches focused on stem cells have shed light on how to utilize unique molecule marker
to identify regenerative ability cells (Hatina et al., 2018; Yu et al., 2016). Experimental analysis such as
transcriptome, proteomics and lineage tracing has proved that many biomarkers attribute to a certain
stem cell population (Ragelle et al., 2017; Munoz et al., 2012; Yan et al., 2017). Data showed that Sox9
expressing cells were rare but they are a requisite for regeneration after RILI. In addition to manipulate
lung cell proliferation, we found alveolar epithelial cells turned into radiosensitive after Sox9 expressing
cells were ablated. In addtion, Sox9 expressing cells ablation in lung tissue suffered from severer lesions,
showing higher levels of in�ammation and more extensive �brosis. Notably, despite our data veri�ed
Sox9 expressing cells played a key role in irradiation resistance, the speci�c mechanism in which Sox9
expressing cells participate need further analysis.

We found that Sox9 expressing cells are endowed with regenerative phenotype after RILI. Subsequently,
the speci�c mechanism that Sox9 expressing cells participated in cell proliferation have been analyzed
by the scRNA-seq data. Notably, Sox9 expressing cells differentially upregulated genes were signi�cantly
enriched in the PI3K/AKT signaling pathway. Previous studies have shown that repressed PI3K/AKT
signaling pathway predisposed cells to reduced DNA repair capacity, resulting in an increase of radiation-
induced apoptosis (Liao et al., 2019). Consistent with a radio-resistant phenotype, another study
demonstrated that PI3K/AKT dependent pathways play a protective or promoting regenerative role after
radiation injury (Yang et al., 2014). And recent advances in pathway studies showed SOX9 could activate
PI3K/AKT signaling pathway and promoted cellular proliferation (Chang et al., 2015; Wang et al., 2020),
both of which indicated its potential in regeneration and repair. Based on the above results, in vivo AKT
inhibitors assay results further con�rmed our hypothesis, inactivation of AKT pathway has been shown to
decrease cellular proliferation and Sox9 expressing cells fail to differentiate. Taken together, these studies
support the explanation that Sox9 expressing cells are involved in regeneration and repair by activating
PI3K/AKT signaling pathway after RILI.

5. Conclusion
To sum up, our study provides a model in which Sox9 expressing cells serves as a functional cell
population in pulmonary epithelial cells and imparts regeneration and reestablish capacity to stem cells
through promoting PI3K/AKT pathway. Despite the fact that radiation-induced lung injury, one of the
common injuries of chest radiotherapy, has brought challenges to patients' quality of life and disease
prognosis for a long time, it is by no means a scourge.
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Figure 1

Sox9-expressing cells contribute to the regeneration of lung after radiation A. Upper; experimental design
for control and radiation group. Lower; representative IHC staining images of SOX9 for control group (left)
and after radiation damage group (right) in SOX9CreER mice. Lung tissues were collected after 3 days
after radiation treatment. Scale bar, 100 μm. B. Upper; experimental design for SOX9+ cells lineage
tracing for control and radiation group. Lower; representative images of lineage tracing in lung tissue
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sections under homeostasis condition. Nuclei were stained with DAPI (blue). Lung tissues were collected
after 3 and 30 days after radiation treatment. Scale bar, 50 μm. C. Experimental design for SOX9+ cells
lineage tracing of SOX9CreER; RosatdTomato mice after treatment with radiation. Before treatment, the
mice were injected with tamoxifen (Tam). Mice were sacri�ced at time of 3, 7, 14 and 30 days after
radiation treatment. D. Representative images of SOX9+ cell-driven lineage tracing in bronchus of
SOX9CreER; RosatdTomato after radiation injury. Nuclei were stained with DAPI (blue). Lung tissues were
collected after 3, 7, 14 and 30 days after radiation treatment. Scale bar, 50 μm. E. Representative images
of SOX9+ cell-driven lineage tracing in alveoli of SOX9CreER; RosatdTomato mice after radiation injury.
Nuclei were stained with DAPI (blue). Lung tissues were collected after 3, 7, 14 and 30 days after
radiation treatment. Scale bar, 50 μm.
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Figure 2

Sox9-expressing cells is essential for the regeneration of lung after radiation A. Experimental design for
SOX9 knockout and control group lineage tracing after treatment with radiation (n = 4 per group). Before
treatment, the mice were injected with tamoxifen (Tam). Mice were sacri�ced at time of 3, 7, 14 and 30
days after radiation treatment. B. Representative images of H&E staining of lung tissue section in SOX9
knockout and control mice. Scale bar, 100 μm. C. and D. Immunostaining images of SOX9+ cell-driven
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lineage tracing in alveoli and bronchus of SOX9 knockout and control group. Scale bar, 50 μm. E. F. and
G. Representative IHC staining images of ki67, Caspase-3, and CD45 after radiation damage in
SOX9CreER; RosaDTA mice and control group (left). IHC staining scores of ki67, CD45 and Caspase-3
were counted (right) respectively. ∗p<0.05, ∗∗p<0.01, and ∗∗∗p<0.001. Scale bar, 100 μm. H.
Immunostaining of a-SMA in SOX9CreER; RosaDTA mice and control group. Scale bar, 100 μm. I.
Representative images of Masson’s trichrome staining in SOX9CreER; RosaDTA mice and control group.
Scale bar, 100 μm.
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Figure 3

Sox9 maintains regenerative ability of stem cells via AKT/PI3K pathway A. Dot plots showing the pattern
of SOX9 expression for the cell cluster on the UMAP map. B. Enrichment of different KEGG pathways
using the SOX9 co-expressing genes from the scRNA-seq data. C. Violin plots that depict the expression
of indicated PI3K/Akt downstream target genes for Sox9+ and Sox9- cells. ∗p<0.05, ∗∗p<0.01, and
∗∗∗p<0.001. D. Violin plots that depict the expression of indicated known stem cell markers for Sox9+
and Sox9- cells.
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Figure 4

AKT/PI3K pathway inhibitor could attenuate the effect A. Representative images of H&E staining of lung
tissue section in SOX9CreER; RosatdTomato mice after RILI. And AKT inhibitor was intragastric
administration after radiation damage. Lung tissues were collected after 3,7 and14 days after drug
treatment. Scale bar, 100 μm. B. Representative images of Masson’s trichrome staining in AKT inhibitor
group and control group. Scale bar, 100 μm. C. Immunostaining of EdU+ cells in SOX9CreER;
RosatdTomato mice after RILI and the inhibitor treatment. Staining score of EdU+ cells were counted
(right). ∗p<0.05, ∗∗p<0.01, and ∗∗∗p<0.001. Scale bar, 50 μm. D. and E. Representative images of
SOX9+ cell-driven lineage tracing in mice after radiation injury and inhibitor treatment. Nuclei were
labeled with DAPI (blue). Scale bar, 50 μm.


