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SOX11 and FAK participate in the stretch-induced
mechanical injury to alveolar type 2 epithelial cells
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Abstract. The aim of the present study was to explore the poten-
tial role of SOX11 in the stretch-induced mechanical injury
to alveolar type 2 epithelial (AT?2) cells. A cell stretch (CS)
test was used to induce mechanical injury to primary cultured
AT?2 cells. Wound healing, adhesion, cell viability assays and
flow cytometry were performed to evaluate the migration,
adhesion, viability and apoptosis of AT2 cells. Changes in the
invasive ability of AT2 cells were detected using a Transwell
invasion assay. To further explore the underlying molecular
mechanisms, reverse transcription-quantitative PCR and
western blot analysis were used to assess the expression levels
of SOX11, FAK, Akt, caspase-3/8, p65 and matrix metal-
loproteinase (MMP)7. Co-immunoprecipitation (Co-IP) and
luciferase reporter assays were used to detect the interaction
between SOX11 and FAK. CS reduced the invasion, migra-
tion and adhesion, and increased the apoptosis of AT2 cells.
It also resulted in the downregulation of SOX11 and FAK
expression in AT2 cells. The overexpression of SOX11
reversed these changes, whereas the knockdown of SOX11
aggravated the deterioration of the aforementioned biological
behaviors and the apoptosis of the AT2 cells following CS.
The overexpression of SOX11 upregulated the FAK and Akt
expression levels, and downregulated caspase-3/8 expres-
sion, whereas the silencing of SOX11 reversed these changes
following CS. Furthermore, the effects of SOX11 overexpres-
sion were inhibited by FAK antagonism. The results of Co-IP
demonstrated that SOX11 and FAK were bound together, and
that the expression of FAK was significantly increased in the
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SOX11 overexpression group. Luciferase assays revealed that
the luciferase activity and the mRNA expression of FAK were
significantly increased following transfection with pcDNA
SOX11 and pGL3 FAK promoter. Co-IP and luciferase assays
revealed that SOX11 directly regulated the expression of
FAK. On the whole, the present study demonstrates that the
downregulated expression of SOX11 and FAK are involved in
the stretch-induced mechanical injury to AT2 cells. The over-
expression of SOX11 significantly alleviates AT2 cell injury
through the upregulation of FAK and Akt, and the inhibition
of apoptosis. These findings suggest that the activation of
SOX11 and FAK may be potential preventive and therapeutic
options for ventilator-induced lung injury.

Introduction

Mechanical ventilation using a ventilator is an essential
means of life support for patients with severe respiratory
failure, such as acute respiratory distress syndrome. However,
excess mechanical ventilation may result in ventilator-induced
lung injury (VILI), which is the most common complica-
tion of mechanical ventilation (1). Several theories, such
as barotrauma, volutrauma, atelectrauma and biotrauma
have been proposed and, in particular, the biotrauma theory
has now been expanded upon to illustrate the mechanisms
underlying VILI (1). Amongst several biomolecules in the
biotrauma theory involved in the pathogenesis of VILI, the
Sex-determining gene on the Y chromosome related high
mobility group box (SOX) and focal adhesion kinase (FAK)
are gaining increasing attention as therapeutic targets for the
treatment of lung diseases (2-5).

Several members of the SOX family are involved in the
pathophysiological process of lung injury. Gross et al (6)
found that changes in SOX18 expression were involved in
endotoxin-induced acute lung injury. SOX9 exerts protective
effects on lipopolysaccharide-induced lung fibroblasts, apop-
tosis and the expression of inflammatory factors (7). SOX11 has
been shown to be involved in epithelial-mesenchymal interac-
tions and is associated with lung development and pulmonary
injury (8). SOX11 can positively regulate members of the FAK
family, which is a subfamily of non-receptor protein tyrosine



362

kinases and a key regulator of growth factor receptor- and
integrin-mediated signals, and governs fundamental processes
of cells under physiological and pathophysiological conditions
through its kinase activity and scaffolding function (9,10). The
inhibition of FAK expression can lead to the destruction of
the cell barrier and increase pulmonary vascular permeability
of ischemic lung injury (11). Conversely, the increase in FAK
expression may improve pulmonary vascular permeability
caused by acute injury (12,13), reduce the protein levels in
bronchoalveolar lavage fluid and decrease necrosis and apop-
tosis of lung epithelial cells (14). In our previous studies, it
was shown that the expression of SOX11 and FAK in alveolar
epithelial cells in HM V-induced VILI in vivo was dysregu-
lated in vivo (15) and in vitro (16). These findings suggest that
the dysregulation of SOX11 and FAK serve an important role
in the pathogenesis of VILI.

Shear stress resulting from alveolar overstretching at high
pressures during artificial ventilation is the primary cause of
VILI. Alveolar type 2 epithelial (AT2) cells produce pulmo-
nary surfactants and participate in cell regeneration, which
plays an important role in maintaining alveolar integrity (17).
Therefore, in order to illustrate the role of AT2 cell injury in
the pathogenesis of VILI and the role of SOX-FAK signals
in this process, the present study investigated the effects of
cell stretch (CS), which is used to simulate the shear stress
of alveolar overstretching, on the biological behaviors of
cells, including migration, adhesion, viability and apoptosis
of AT2 cells, and the role of SOX/FAK signaling in this
process, through the overexpression and knockdown of
SOX11. Furthermore, to elucidate the molecular mechanisms
downstream of SOX-FAK signaling, changes in the expression
levels of Akt, caspase-3/8, p65 and matrix metalloproteinase
(MMP)7 in AT2 cells following CS were also investigated.

Materials and methods

Ethics statement. The animal experiments were approved by
the Committee of Ethics on Animal Experiments of Hebei
Medical University (approval no. ILAS-PL-2010-004). All
efforts were made to minimize the suffering of animals and
the number of the animals used.

Experimental grouping and protocols. AT2 cells (details
provided below) were randomly divided into 5 groups as
follows: i) The sham group, cells were cultured in normal
culture medium for 72 h, corresponding to the culture time
following transfection in the other groups, and then subjected
to the sham treatments for CS; ii) CS group, AT2 cells were
cultured for 72 h first and then underwent CS; iii) SOX11
overexpression group, AT2 cells were transfected with SOX11
plasmid and underwent CS 72 h following transfection with the
SOX11 plasmid; iv) SOX11 plasmid + FAK antagonist group,
AT?2 cells were transfected with SOX11 plasmid and treated
with 1.5 mM FAK antagonist (PF562271; cat. no. GC12174,
Glpbio Technology, Inc., dissolved in DMSO) for 72 h and
then subjected to CS; v) SOX11 siRNA group, AT2 cells were
subjected to CS at 72 h following transfection with SOX11
siRNA.

Following CS or sham treatment, the AT2 cells were
collected to evaluate the migratory ability using a wound
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healing assay, adhesion ability and viability using cell adhe-
sion and viability assays. The proportion of apoptotic cells
was evaluated by flow cytometry. Furthermore, the expression
levels of SOX11, FAK, Akt, caspase-3/8, p65 and MMP7 were
evaluated at the mRNA (only SOX11 and FAK) and protein
levels by reverse transcription-quantitative PCR (RT-qPCR)
western blot analysis following CS or sham treatment. To
directly link the observed changes in the molecules with the
protective effects of SOX11 against the mechanical injury
to AT?2 cells, changes in the levels of these molecules were
assessed following CS. However, it is possible that these
molecules may have been already activated and the activation
continued to the time point when CS performed.

AT?2 cell isolation and culture and identification. C57 mice
supplied by the Chinese Academy of Medical Sciences were
used in the present study. To isolate and culture AT2 cells,
140 neonatal mice born within 24 h were euthanized by
an intraperitoneal injection of 3% pentobarbital sodium
(150 mg/kg), and immersed in 75% alcohol for 2 min. The
lungs were collected and the trachea, macrovascular tissue
and bronchus were removed and placed in pre-cooled PBS.
The lung tissue was cut into 1-mm?-thick sections after fully
rinsing with PBS and then digested with trypsin (1 g/l) for
5 min at 37°C after mixing well. The cell suspension was then
collected and centrifuged at 12,000 x g for 3 min at room
temperature. The cell pellet was re-suspended in DMEM
containing 10% FBS to terminate digestion. The remaining
lung tissue was then mixed with 2 ml collagenase I (1 g/l
containing 0.01 g/l DNase I), and then incubated at 37°C for
15 min. The cell suspension was collected and an equivalent
volume of 10% FBS were added to terminate the digestion.
The cell suspensions were merged and mixed well with a
straw 50 times. The cell suspension was filtered using a filter
200 mesh screen and centrifuged at 12,000 x g for 5 min at
room temperature twice. The supernatant was discarded and
the precipitate was resuspended in an equivalent volume of
10% FBS DMEM. Pneumonocyte suspensions were inocu-
lated in a culture dish coated with mouse IgG and incubated
for 45 min at room temperature. The liquid with non-adherent
cells was collected and plated in another culture dish coated
with mouse IgG at 37°C for 40 min. The above-mentioned
process was repeated twice. Finally, the non-adherent cells
were collected and centrifuged at 12,000 x g for 5 min twice
at room temperature. The supernatant was then discarded.
The cell pellets were resuspended in DMEM with 10% FBS
and the cell count was adjusted to 1x10%1 and inoculated in
6-well plates. The AT?2 cells were identified by morphological
evaluation under a microscope (BX53, Olympus Corporation),
and by immunofluorescence staining targeting LAMP and
ABCA3, which are classical biochemical hallmarks of
AT?2 cells (Fig. S1).

The cell culture medium was replaced every 2 days, and
the morphology and growth of the AT2 cells were observed
using an inverted microscope (LX71, Olympus Corporation)
every day. The AT?2 cells pre-cultured for 3-5 days were used
for experiments.

Immunofluorescence staining. AT2 cells plated on coverslips
wererinsed with PBS, and then fixed with 4% paraformaldehyde
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for 15 min atroom temperature. The AT2 cells were then washed
with PBS and exposed to 0.3% Triton X-100 at 37°C for 20 min.
After washing with PBS and blocking with 10% normal goat
serum at 37°C for 30 min, the AT?2 cells were incubated with
the mixture of primary antibodies against LAMP derived from
rabbit (1:200, cat. no. Bs-1970R, lot no. A106217651, BIOSS)
and ABCA3 derived from rabbit (1:200, cat. no. Bs-17588R,
lot. no. AD101749, BIOSS) overnight at 4°C. After washing
3 times with PBS, the AT2 cells were co-incubated with
secondary antibodies, including Cy3 goat anti-rabbit IgG
(1:100, cat. no. BA1032, lot no. BST15C09A15132, Wuhan
Boster Biological Technology, Ltd.) at 37°C for 60 min.
DAPI was then used for staining with incubation in the dark
for 5 min. Subsequently, the coverslips were washed with
PBS and coverslipped with fluorescent antifade mounting
solution. Images were obtained by an investigator who was
blinded to the experiment groups using a microscope (BX53,
Olympus Corporation).

CS. CS was performed using a Flexercell FX-4000T cell stretch
system equipped with a 25-mm BioFlex Loading station (Flexcell
International). The AT2 cells were mounted in the Strain Unit
of the equipment, and then exposed to CS for 4 h (frequency,
0.5 Hz; time ratio of pull and relaxation, 1:1; amplitude, 20%;
30 cycles per min) to mimic stretch-induced AT2 cell injury (11).
The AT2 cells in the sham group were also placed in the equip-
ment and underwent the same process apart from the stretching.

SOX11 overexpression and knockdown. A recombinant
adenovirus-SOX11 plasmid (Addgene, Inc.) was purchased.
The protocol for overexpression was performed as previously
described (17). Briefly, mouse SOX11 cDNAs were subcloned
into the pCMV-IRES-EGFP plasmid, and the IRES-eGFP
sequence was removed to create pCMV-SOX11. The adeno-
viral vector and pCMV-SOX11 were then transfected into
293T cells (Procell Life Science & Technology Co., Ltd.), and
the recombinant adenovirus-SOX11 was harvested from the
cell lysate using the calcium phosphate precipitation method.
In the present study, the SOX11 plasmid at a concentration
of 50 nM in the medium was transfected into the AT2 cells
using poly plus transfection reagent (Polyplus-transfection SA)
according to the manufacturer's protocol.

SOXI11 siRNA and its scrambled probe (Santa Cruz
Biotechnology, Inc.) were also purchased. The sequence of the
SOX11 siRNA was 5'-GCTGACTACCCCGACTACAAG-3".
In the present study, the SOX11 siRNA or its scrambled
probe (40 nM) were transfected into the AT2 cells using
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.) according to the manufacturer's protocol. RT-qPCR and
western blot analysis were used to confirm the efficacy of
transfection after 72 h.

Wound healing assay. The migratory ability of the AT2 cells
was evaluated using a wound healing assay. Following the
treatment of each group, the cells were collected and incubated
in 6-well plates for culture until the cells grew to 80% conflu-
ency in DMEM/F12 medium containing 10% fetal bovine
serum (Gemini Bio Products) and 1% penicillin-streptomycin
(Gibco; Thermo Fisher Scientific, Inc.). Subsequently, a wound
was scratched in the cell monolayer using a sterile pipette tip,
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and the plates were washed with PBS to remove debris. The
remaining cells were allowed to grow in the wells in medium
without fetal bovine serum for 72 h. The gap distance was quan-
titatively evaluated and imaged at 0 and 72 h after creating the
scratch. An inverted microscope (LX71, Olympus Corporation)
and ImageJ software (ImageJ-Pro Plus 6.0, National Institutes
of Health) were used to observe and calculate the percentage
of wound closure.

Cell adhesion assay. For cell adhesion assay, the AT2 cells
were collected immediately following the corresponding
treatments in each group and seeded in fibronectin pre-coated
96-well plates (50,000 cells/well), and cultured for 2 h at 37°C
in DMEM supplemented with FBS (Gibco; Thermo Fisher
Scientific, Inc.). Subsequently, the plates were washed with
PBS buffer to remove any unattached cells, and subsequently
blocked with 1% BSA for 30 min at 37°C. The cells were stained
for 1 h at 37°C using a WST-1 assay kit (Roche Diagnostics)
according to the manufacturer's protocol. The absorbance was
measured at 690 nm using a multimode plate reader (BioTek
Instruments, Inc.).

Cell invasion experiments. Matrigel stored at -20°C was
allowed to melt at 4°C overnight. Matrigel was diluted with
pre-cooled serum-free DMEM medium to a final concentra-
tion of 1 mg/ml, and 100 ml diluted Matrigel were added to
the bottom of the central chamber of a Transwell insert, and
incubated at 37°C until it had polymerized. For gum reconstruc-
tion, 200 ml DMEM were added to each well. After the cells
were trypsinized and centrifuged at 10,000 x g for 5 min at 4°C
to remove the culture medium and washed with PBS, they were
resuspended in serum-free medium and seeded on the upper
chamber (10,000 cells per well) of the Transwell insert. Culture
medium containing 10% FBS was added to the lower chamber
and cultured at 37°C. Subsequently, after culturing for 36 h, the
liquid in the upper chamber was discarded, the upper chamber
was removed, and a cotton swab was used to wipe off the cells
that had not passed through the cell membrane. Cells were fixed
with 3.7% formaldehyde for 10 min, stained with crystal violet
(cat. no. 548-82-9, Biotopped) for 20 min at room temperature,
and cells were observed under an inverted microscope (LX71,
Olympus Corporation). A total of 3 fields of view were randomly
selected, and the number of cells that had invaded was calcu-
lated using ImageJ software (ImageJ-Pro Plus 6.0, National
Institutes of Health) for statistical analysis. Transwell chambers
were purchased from Corning Co. Matrigel matrix (5 mg/ml)
was purchased from Thermo Fisher Scientific, Inc.

Apoptosis assay. Flow cytometry was used to evaluate
the apoptosis of the AT2 cells. Following the treatments,
the AT2 cells were collected and washed with PBS, and
then resuspended in 500 ul binding buffer containing 5 ul
Annexin V-FITC and 10 gl propidium iodide (Bio-Rad
Laboratories, Inc.). Following incubation for 30 min in the dark
at room temperature, the apoptotic ratio was measured using
a FACScan flow cytometer (Cyto-Flex Beckman) according to
the protocol provided with the Annexin V/PI kit.

RT-gPCR. The mRNA expression levels of SOX11 and FAK
in the AT2 cells were evaluated by RT-qPCR. Following the
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treatments, the AT?2 cells were collected and the total RNA
was extracted using an RNeasy kit (Qiagen, Inc.) and cDNA
was synthesized from 500 ng total RNA using SuperScript
(Invitrogen; Thermo Fisher Scientific, Inc.). Semi-quantitative
levels of SOX11 and FAK mRNA were measured using a
RT-qPCR system (cat. no. K2622, Thermo Fisher Scientific,
Inc.) according to the manufacturer's protocol. The sequences
of the primers used were as follows: GAPDH forward, 5'-AAT
GGATTTGGACGCATTGGT-3' and reverse, 5-TTTGCA
CTGGTACGTGTTGAT-3"; SOX11 forward, 5'-CGAGCC
TGTACGACGAAGTG-3' and reverse, 5-AAGCTCAGGTCG
AACATGAGG-3"; and FAK forward, 5-CCATGCCCTCGA
AAAGCTATG-3' and reverse, 5-TGACGCATTGTTAAG
GCTTCT-3". PCR (3 min at 94°C and 35 cycles of 30 sec at
94°C, 30 sec at 58°C and 45 sec at 72°C) was performed in
triplicate. Gene expression was calculated using the 2244 (18)
method and normalized to GAPDH expression.

Western blot analysis. The protein expression levels of SOX11,
FAK, Akt, caspase-3/8, p65 and MMP7 in the AT2 cells were
evaluated by western blot analysis. Following the treatments,
the AT?2 cells were collected and lysed in RIPA lysis buffer
containing protease inhibitor. Equal quantities of protein (20 yg)
were loaded on 8-10% SDS-gels, resolved using SDS-PAGE
and electrotransferred to PVDF membranes (EMD Millipore).
B-actin was used as the loading control. The membranes
were then incubated with the primary antibodies overnight
at 4°C. The primary antibodies used were the following:
Rabbit SOX11-polyclonal antibody (Cusabio; Ho0926s,
cat. no. CSB-PA899716; 1:3,000); rabbit-FAK-monoclonal
antibody (Abcam; CR280473, cat. no. ab40794; 1:3,000); rabbit
caspase-3-monoclonal antibody (Affinity Biosciences; 3253ul2
cat. no. AF6311; 1:2,000); rabbit caspase-8 monoclonal anti-
body (Affinity Biosciences; 19u71; cat. no. AF6442; 1:2,500);
mouse Akt monoclonal antibody (Affinity Biosciences; 19u71,
cat. no. AF6261; 1:3,000); mouse phospho-Akt-monoclonal anti-
body (Epitomics; Abcam; YE112001, cat. no. 1085-1; 1:4,000);
mouse MMP7-derived monoclonal antibody (ABclonal Biotech
Co., Ltd.; 36490, cat. no. A0695; 1:2,000 dilution); mouse p65
monoclonal antibody (GeneTex; 40020, cat. no. GTX61793;
1:3,000 dilution) and rabbit a-actin monoclonal antibody
(ABclonal Biotech Co., Ltd.; 9100026001, cat. no. AC026;
1:2,000 dilution). Subsequently, the membranes were incu-
bated with anti-rabbit IgG (KPL, Inc. cat. no. 074-1506; lot
no. 140740; 1:3,000), or anti-mouse IgG (Sino Biological
Inc.; cat. no. HO13FE2708; lot no. SSA007; 1:2,500). Signals
were visualized using a Western Bright ECL kit (Bio-Rad
Laboratories, Inc.). The integrative optical density (IOD) of the
immunoreactive bands was measured using an Alpha Innotech
Alphalmager 2200 (Alpha Image 2200, Alpha Technologies).
The relative quantity of protein was expressed as the ratio of
10D value of target proteins to f-actin.

Co-immunoprecipitation (Co-IP). The transfected AT?2 cells
were solubilized in RIPA cell lysis buffer (Invitrogen;
Thermo Fisher Scientific, Inc.) supplemented with a protease
inhibitor cocktail and PMSF on ice for 15 min. Lysates were
centrifuged at 14,000 x g for 15 min at 4°C. To assess the
interaction between SOX11 and FAK, the supernatant was
incubated overnight at 4°C with SOX11 antibody (Abcam;
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cat. no. ab170916). Subsequently, 40 ul protein A cross-linked to
agarose beads (EMD Millipore; cat. no. IPO5) were added, and
the mixture was incubated for 1 h at 4°C with constant rotation.
The beads were washed 6 times with ice-cold lysis buffer prior
to the addition of SDS-PAGE sample buffer to each sample.
The bound proteins were dissociated from the beads by heating
at 92°C for 3 min before they were resolved on 10% SDS-gels
using SDS-PAGE as described above. Western blot analysis was
used to evaluate the expression of SOX11 and FAK as described
above.

Luciferase assay. FAK promoter (from +23 bp to -2,000 bp,
NCBI) was amplified by PCR, and the SOXI11 gene
sequence was constructed and amplified by PCR (Addgene,
Inc.). Primers of the FAK promoter were designed
(upstream primer, 55CGACGCGTCTGGCTAATTTTTTTG
TATTTTTAGTAGAG3' and downstream primer, 5'CCG
CTCGAGCCCGACACCGACCCGGGCTTC3'"). The FAK
promoter was then cloned into a pGL3-FAK-Promotrer-Luc
vector and the SOX11 gene was cloned into a PCDNA vector
plasmid. The vectors were then co-transfected into 293T cells
with the vectors mentioned above. The assessment was divided
into 4 groups as follows: i) The vector group, where cells were
transfected with the vector and pRL-TK, which was used as
the internal reference plasmid; ii) the SOX11 + PGL3 group,
where cells were transfected (using Lipofectamine 2000 trans-
fection reagent; lot no. 2103397, Invitrogen; Thermo Fisher
Scientific, Inc.) with pcDNA-SOX11, pGL3 and pRL-TK;
iii) the pcDNA + pGL3-FAKP group, where cells were trans-
fected with pcDNA, pGL3-FAKP and pRL-TK; and iv) the
pcDNASOX11 + pGL3-FAKP group, where cells transfected
with pcDNASOX11, pGL3-FAKP and pRL-TK. The duration
between transfection and activity measurement was 48 h.
There were 4 groups of cells transfected. A total of 3 repeated
experiments were carried out in each group. In addition, the
plasmid of Renilla luciferase was co-transfected as the control.
In order to eliminate the influence of other factors on the accu-
racy of experimental results, Firefly luciferase and Renilla
luciferase were detected twice, and the 2 values were divided.
The final luciferase activity of the 4 groups was obtained
by averaging the ratio results of 3 replicates. The luciferase
activity was measured using a luciferase assay system
(Promega Corporation). The expression of FAK mRNA was
measured by RT-qPCR as described above.

Statistical analysis. All experiments were repeated 3 times
independently, and data are presented as the means + the
standard error of the mean. A one-way ANOVA followed by
the Holm Bonferroni post hoc test was used to test differences
between groups. P<0.05 was considered to indicate a
statistically significant difference.

Results

CS deteriorates the biological behaviors and increases the
apoptosis of, and results in the downregulation of SOX11 and
FAK expression in AT2 cells. Compared with the sham group,
the mechanical stretching of the AT?2 cells induced by CS
resulted in a decreased invasion, migration and adhesion of
the AT2 cells (Fig. 1). Flow cytometric analysis also revealed
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Figure 1. Changes in the biological behaviors of AT2 cells. (A and C) Wound healing, (B and E) invasion assays and (D) adhesion assay. The biological
behaviors of the AT2 cells were deteriorated by CS, and the deterioration was reversed following overexpression of SOX11, or aggravated by knockdown of
SOX11. Furthermore, the effects of SOX11 overexpression were inhibited by a FAK antagonist. (A) Magnification, x40; (B) magnification, x100. Data are
presented as the means + standard error of the mean. "P<0.05. AT2, alveolar type II; CS, cell stretch; SOX, Sex-determining gene on the Y chromosome related

high mobility group box; FAK, focal adhesion kinase.

that the proportion of apoptotic AT2 cells increased following
CS by >2-fold compared with the sham group (Fig. 2). The bar
chart shows the percentages of late apoptotic cells (top right
quadrant in the plots). RT-qPCR and western blot analysis
revealed that SOX11 and FAK expression decreased following
CS at the mRNA (Fig. 3A) and protein (Fig. 3B) level compared
with the sham group.

Overexpression of SOXI11 attenuates the effects of CS on
AT2 cells. The efficacy of transfection and the effects of
SOX11 overexpression on FAK expression were determined.
Compared with the CS group, the mRNA (Fig. 4A and B)
and protein (Fig. 4C and D) expression levels of SOX11 and
FAK were significantly increased following transfection
with SOX11 overexpression plasmid, suggesting that plasmid
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Figure 2. Apoptosis of AT2 cells in each group. (A-H) Flow cytometric analysis of cell apoptosis; (I) Quantification of cell apoptosis. The graph shows the
percentage of late apoptotic cells (upper right quadarant in plots). CS significantly increased the apoptosis of AT2 cells. This increase in apoptosis was attenu-
ated by SOX11 overexpression, and aggravated by SOX11 knockdown. In addition, FAK antagonism inhibited the effects of SOX11 overexpression. Data are
presented as the means + standard error of the mean. “P<0.01. AT2, alveolar type II; CS, cell stretch; SOX, Sex-determining gene on the Y chromosome related

high mobility group box; FAK, focal adhesion kinase.

transfection effectively upregulated the expression of SOX11
and FAK at both the gene and protein levels in the AT2 cells
subjected to CS.

The effects of SOX11 overexpression on the deterioration of
biological behaviors and the increased apoptosis of AT?2 cells
induced by CS were then assessed. The CS-induced decrease
in the invasion, migration and adhesion of the AT2 cells was
significantly attenuated following SOX11 overexpression
(Fig. 1). Flow cytometric analysis indicated that the proportion
of apoptotic cells decreased following SOX11 overexpression
(Fig. 2). Furthermore, the protective effects of SOX11 overex-
pression against the deterioration of the biological behaviors
and the apoptosis of AT2 cells mentioned above was prevented
by treatment of the cells with a FAK antagonist, which was

manifested by a decrease in invasion, migration and adhesion
(Fig. 1), and an increase in the apoptotic rate (Fig. 2) of the
AT?2 cells in the SOX11 + FAK antagonist group compared
with the SOX11 plasmid transfection group. The negative area
(A/V'PI) indicates the proportion of normal AT2 cells. In the
present study, the A/V-PI-fluctuated between 43-99% in the
different groups (Fig. 2).

To illustrate the molecular mechanisms downstream
of SOX11 and FAK, the changes in the expression levels of
MMP7, p65, phosphorylated and total Akt, and caspase-3/8
at the protein level were assessed in the AT2 cells following
CS. Western blot analysis revealed that compared with the
CS group, transfection with SOX11 plasmid significantly
increased the expressions levels of both phosphorylated and
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total Akt, whereas the expression of MMP7 and p65 remained
unaltered (Fig. 5). The overexpression of SOX11 resulted in
a significant downregulation of caspase-3/8 expression when
compared with the CS group. Following treatment with a
FAK antagonist, the expression of caspase-3/8 significantly
increased (Fig. 6) compared with the SOX11 overexpression

group.

Transfection with SOX11 siRNA aggravates the deterioration
of biological behaviors and increases apoptosis of AT2 cells
induced by CS. The efficacy of SOX11 knockdown and the
effects on FAK expression were then determined. Compared
with scramble probe group, the expression levels of SOX11
and FAK at both the mRNA (Fig. 4A and B) and protein
(Fig. 4C and D) level were significantly decreased in the
SOX11 siRNA group, suggesting that SOX11 siRNA transfec-
tion effectively inhibited the expression of SOX11 and FAK in
the AT2 cells subjected to CS.

Subsequently, the effects of SOX11 knockdown on the
deterioration of biological behaviors and the apoptosis of
AT?2 cells induced by CS were investigated. It was found
that the invasion, migration and adhesion (Fig. 1) of the
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AT?2 cells were significantly decreased following the
knockdown of SOX11 compared with the CS group. Flow
cytometric analysis indicated that compared with the cells
subjected to CS, the knockdown of SOXI11 significantly
increased the proportion of apoptotic AT2 cells induced by
CS (Fig. 2).

For the molecules downstream of SOX11 and FAK
mentioned above, western blot analysis showed that knock-
down of SOXII1 significantly reduced the expression of
both phosphorylated and total Akt (Fig. 5), and significantly
increased the expression of caspase-3/8 (Fig. 6). This was
accompanied by the deterioration of biological behaviors
and an increase in the apoptosis of AT2 cells induced by CS
following the knockdown of SOX11. The expression levels of
MMP7 and p65 remained unaltered following transfection
with SOX11 siRNA (Fig. 5).

SOX11 and FAK interact with each other. The results of Co-IP
revealed that when a SOX11 antibody was incubated with
agarose beads with AT?2 cell lysates, SOX11 was detected in
the bound protein, and its expression was markedly upregu-
lated in the SOX11 overexpression group compared with the
control group (Fig. 7A). Following incubation with a FAK anti-
body with the bound protein, FAK bands were also detected
in the bound protein. The above-mentioned results suggested
that SOX11 and FAK were both present in the bound protein
(Fig. 7A). Notably, the expression of FAK was markedly
increased in the SOX11 overexpression group compared with
the control group (Fig. 7A). In order to validate whether an
interaction exists between SOX11 and FAK, the AT?2 cells
lysates were incubated with a FAK antibody and agarose
beads again, and similar results were observed as that with the
SOX11 antibodies (Fig. 7B). The results of Co-IP suggested
that SOX11 was bound with FAK and regulated the expression
of FAK in AT2 cells.

To further confirm the promoting effect of SOX11 on
FAK expression, a luciferase assay was performed using the
293T cells. It was found that transfection with the pGL3-FAK
promoter increased (Fig. 8C and E), while transfection with
pcDNA SOX11 had no effect (Fig. 8B and E) on the luciferase
activity compared with the vector group (Fig. 8A and E).
However, following co-transfection with pcDNA SOX11
and pGL3 FAK promoter, the luciferase activity was further
significantly increased (Fig. 8D and E) compared with the
vector group and pcDNA + pGL3-FAKP group. RT-qPCR
analysis revealed that the mRNA expression of FAK
significantly increased in the pcDNA SOX11 + pGL3 and
pcDNA-SOX11 + pGL3-FAKP groups (Fig. 8F). These results
suggest that SOX11 may enhance the expression of FAK at the
transcriptional level.

Discussion

AT?2 cells are the progenitor cells of alveolar epithelial cells
and play an important role in maintaining alveolar integrity
and normal function (19). Under normal conditions, AT?2 cells
produce pulmonary surfactant and transform into AT1 cells
to repair lung injury and to prevent severe lung injury (20).
An important feature of acute lung injury is the dysfunction
of AT2 cells and the decrease in alveolar surfactant (21).
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Mechanical stimulation,such as periodic mechanical stretching,
can produce a series of adverse effects on AT?2 cells, which
induces apoptosis of AT2 cells (22), cell stress response (23),
and even lead to cell death. Therefore, AT2 cell injury may
be an important factor in the pathogenesis of VILI. A recent
study by the authors demonstrated that impaired SOX11 and
FAK signaling in the lungs was involved in the pathogenesis
of VILI induced by hyper-mechanical ventilation in a mouse
model (15). The present study further provides convincing
evidence to indicate that the dysregulation of SOX/FAK

signaling within AT2 cells is involved in the dysfunction of the
biological behaviors and the increased apoptosis of AT2 cells
using CS to directly simulate the shear stress of alveolar over-
stretching, a direct factor underlying the pathogenesis of VILI.

In the present study, it was demonstrated that the
deterioration of biological behaviors and apoptosis of the
AT2 cells induced by CS was accompanied by the down-
regulation of SOX11 and FAK expression. CS decreased
the invasion, migration and adhesion of the AT?2 cells, and
increased apoptosis. It has been reported that mechanical



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 47: 361-373, 2021

A SOX11
Vector plasmid

MMP7

?

b
3

Total Akt

p-actin

MMP7

_[
_I

AT 7

1.0 4

0.5+

Relative protein expression

0.0

N

Relative protein expression
18]
1
#*

Cs

o
SOX11 siRNA i‘(

SOX11 plasmid
Scramble probe

————
SEEhes o
—— —

369

Scramble SOX11
probe siRNA
29 kDa
60 kDa
56 kDa
60 kDa
43 kDa
C 20- P65

w
-
¥
¥

Relative protein expression
(=]
L

0.5 4
0.0
E Total Akt
3 - *
&
2 T
o
o -
g 2 .
§ 1
o
s | T T
214
=
[:1]
@

cs

=}
SOX11 siRNA ]—{

SOX11 plasmid
Scramble probe

Figure 5. (A-E) Western blot analysis showing Akt, MMP7 and p65 protein expression in AT2 epithelial cells. Akt expression increased significantly following
SOX11 overexpression, and significantly decreased following knockdown of SOX11. No changes in MMP7 and P65 expression were observed. Data are
presented as the means + standard error of the mean. "P<0.05. AT2, alveolar type IT; SOX, Sex-determining gene on the Y chromosome related high mobility

group box; FAK, focal adhesion kinase; MMP7, matrix metalloproteinase 7.

injury to AT2 cells may be assessed based on their migratory
and adhesive abilities, as well as the apoptotic rate (24,25). The
effect of CS on the apoptosis of AT2 encompasses the entire
process of apoptosis, and in particular, is associated with the
activation of the caspase pathway and the release of cyto-
chrome c in AT?2 cells (22). Additionally, CS has been shown
to decrease the viability of cells and the dysfunction of cell
barrier function (26). These reports support the findings that
the CS test can induce the deterioration of invasive, migratory
and adhesive abilities, and increase the apoptosis of AT2 cells.

Notably, it was found in the present study that the expression
of SOX11 and FAK at both the mRNA and protein expression
level was downregulated in the AT2 cells that underwent CS,
and this was accompanied by the deterioration of biological
behaviors and increased apoptosis. As a member of the group C
of SOX factors, SOX11 can regulate tissue development and
remodeling, including lung development (8). The knockout
of SOX11 in mice induces defects of neurogenesis and lung
function (3,27). FAK is known as a non-receptor tyrosine
kinase. The activation of FAK can facilitate cell survival
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Figure 6. (A-C) Western blot analysis showing caspase-3/8 expression in
AT?2 cells. The overexpression of SOX11 inhibited, whilst the knockdown
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AT?2, alveolar type II; SOX, Sex-determining gene on the Y chromosome
related high mobility group box; FAK, focal adhesion kinase.

and attachment in culture, whereas the degradation of FAK
promotes cell detachment and mobility (28). Desai et al (29)
suggested that hyper-mechanical ventilation induced lung
injury and decreased the levels of FAK phosphorylation (29).
Ding et al (5) demonstrated a role of FAK signaling in
determining the fate of lung epithelial cells. Therefore, the
downregulation of SOX11 and FAK expression in the AT?2 cells
accompanied by AT2 mechanical injury in the present study
indicates a clear possibility that the downregulation of
SOX11 and FAK following CS may have been responsible
for the pathogenesis of AT2 mechanical injury induced
by CS.

Secondly, to further determine the role of SOX11
in CS-induced AT2 cell impairment, the effects of the
overexpression and knockdown of SOX11 on the CS-induced
impairments of the biological behaviors and apoptosis of
AT?2 cells were determined. It was found that following
SOX11 overexpression, the effects of CS were attenuated.
The knockdown of SOX11 aggravated the deterioration in the
biological behaviors and further increased the apoptosis of
AT?2 cells induced by CS. These findings suggest that SOX11
dysregulation participates in CS-induced AT?2 cell injury.
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Figure 7. Co-IP showing the interaction between SOX11 and FAK. ColP
results revealed that when (A) a SOX11 antibody and agarose beads were
incubated with the AT2 cells lysates, SOX11 was detected in the bound
protein, and its expression was markedly upregulated when SOX11 was
overexpressed compared with the control group. When a FAK antibody
was incubated with the bound protein, FAK bands were also detected in the
bound protein, and the expression of FAK was markedly increased in the
SOXI11 overexpression group compared with the control group, similar to
the expression of SOX11. (B) When AT?2 cell lysates were incubated with
FAK antibody and agarose beads, similar results were observed as that with
the SOX11. The results suggested that SOX11 was bound with FAK and
regulated the expression of FAK in AT?2 cells. Input, band from the lysate
of AT2 cells; IgG, negative control for the SOX11 or FAK antibody. AT2,
alveolar type II; IP, immunoprecipitation; SOX, Sex-determining gene on
the Y chromosome related high mobility group box; FAK, focal adhesion
kinase.

Researchers have demonstrated the mutually coordinated
association between SOX11 and FAK in certain diseases. For
example, in mantle lymphoma, the overexpression of SOX11
has been shown to increase the differentiation, proliferation
and invasiveness of tumor cell through the FAK pathway (9).
In pulmonary fibrosis, the expression of SOX11 and FAK has
been shown to be increased, and the two proteins are primarily
involved in pulmonary interstitial remodeling (30). In the
present study, the expression of both SOX11 and FAK were
downregulated simultaneously in the AT2 cells following
CS. The overexpression of SOX11 increased FAK expression,
whereas the knockdown of SOX11 decreased FAK expression
both at mRNA and protein level. Furthermore, the attenuation
of the deterioration of biological behaviors and the reduction
of the apoptosis of AT2 cells following the overexpression
of SOX11 was blocked by a FAK antagonist. Based on the
above-mentioned results, it is thus suggested that FAK is
a downstream molecule of SOX11, and is involved in the
mechanisms through which SOX11 reduces mechanical injury
of AT2 cells induced by CS.

Akt, also known as protein kinase B, is a serine/threo-
nine protein kinase and plays a principle role in the survival
and growth of cells. Studies have demonstrated the
protective role of Akt in lung injury. For example, Akt acti-
vation has been shown to exhibit a protective function in
oxidant-induced lung injury when adenoviral gene transfer
was used (31). In addition, the activating of the expression
of P13K/Akt using dexmedetomidine has been shown to
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significantly reduce caspase-3/9 expression, and reduce
lung injury and apoptosis following post-cardiopulmonary
bypass (CPB) (32). In the present study, in addition to the
effect on the expression of FAK, the overexpression of
SOXI11 significantly upregulated Akt expression, and the
knockdown of SOX11 decreased Akt expression, including
both the phosphorylated and total protein levels. FAK
acts upstream of Akt-mediated signaling (33,34), and
FAK/PI3/Akt is a classical signaling pathway in cells (34).
Thus, it was hypothesized that SOX11 can upregulate the
expression of total and phosphorylated Akt via the FAK
pathway. Similar findings have been reported previously.
For example, Ji et al (34) demonstrated that FAK upregu-
late the expression of both total and phosphorylated Akt.
Choi et al (35) revealed that drug-mediated intervention
reduced the expression of both total and phosphorylated
Akt. These studies support the hypothesis of the present
study. As regards the determination of whether the upregu-
lated levels of total Akt occurred through the regulation of
gene transcription, at the protein level, or both, it is neces-
sary to perform RT-qPCR to assess this. However, in the
present study, a SOX11/FAK/Akt signaling pathway was
hypothesized to mediate the protective effects on AT2 cells
following CS. Further studies are required to investigate
the effects of the inhibition of FAK on Akt expression
and activity, and the effects of the inhibition of Akt on the
SOX-mediated effects on mechanical injury to AT2 cells
induced by CS, to provide additional support of the results
of the present study.

As regards the mechanisms underlying the decreased
apoptosis of AT2 cells following the overexpression of

SOX11, the overexpression of SOX11 inhibited, whereas the
silencing of SOX11 increased the expression of caspase-3/8,
respectively. Furthermore, the inhibition of caspase-3/8
following the overexpression of SOX11 was prevented by
a FAK antagonist. Caspase-3 is a key protease involved
in Fas-mediated apoptosis, and has been reported to act
downstream of caspase-8 (36,37). It has been demonstrated
that FAK regulates apoptosis through the caspase pathway
in alveolar epithelial cell injury (14). Zhang et al (38) also
obtained similar results, demonstrating that the apoptosis
of cardiac myocytes was also regulated via a FAK/Akt and
caspase pathway (38). Thus, the inhibition of the caspase-3/8
pathway may be responsible for the anti-apoptotic effects
induced by the overexpression of SOX11 and FAK following
CS of AT?2 cells in the present study.

A recent study by the authors demonstrated that the
downregulation of SOX11 and FAK participated in the devel-
opment of VILI in a mouse model (15). The present study
assessed the biological behaviors and apoptosis of AT?2 cells
using a CS test, which directly mimics the effects of shear
stress on cells, further demonstrating the role of activation of
SOXI11 and FAK in mechanical injury to AT2 cells, and the
related molecular mechanisms involved in the process. Taken
together, it can be concluded that the mechanical injury to
AT?2 cells, which results from overstretching during artificial
ventilation using a ventilator may be an important factor in
the pathogenesis of VILI. The downregulated expression
of SOX11, FAK and Akt and may increase the apoptosis of
AT?2 cells. The upregulation of SOX11 and FAK may be a
potential therapeutic target for the prevention and treatment
of VILI in clinical practice.
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