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Abstract

Background: Sepsis-induced acute lung injury (ALI) is a clinical condition with high
morbidity and mortality, and impaired endothelial function is the main pathological
characteristic. As a member of DNA demethylases, ten-eleven translocation protein
2 (TET2) is involved in a variety of biological processes. However, the role of TET2

in endothelial dysfunction of sepsis-induced ALl remains unclear.

Methods: We used cecal ligation and puncture (CLP) to establish a sepsis-induced
acute lung injury mouse model and screened out Tet2 from TET family proteins. The
results suggested that Tet2 was obviously declined. We used lipopolysaccharide (LPS)
to stimulate human pulmonary microvascular endothelial cells (HPMECs) as an in vitro
model, and we found the expression of TET2 was also decreased. Then we used small
interfering RNAs and adenovirus to knockdown or overexpress TET2 to investigate

the effect of TET2 on the function of HPMECs. The changes in sepsis-induced ALl symp-
toms were also analyzed in Tet2-deficient mice generated by adeno-associated virus 6
(AAV6). Next, RNA sequencing and KEGG analysis were used to find the TET2-regulated
downstream target genes and signaling pathways under LPS stimulation. Finally,

the rescue experiments were performed to analyze the role of target genes and signal-
ing pathways modulated by TET2 in LPS-treated HPMECs.

Results: TET2 and 5-hmC levels were significantly decreased in both in vitro

and in vivo models of sepsis-induced ALI. TET2 knockdown exacerbated the dys-
function and apoptosis of HPMECs induced by LPS. Conversely, TET2 overexpression
significantly alleviated these dysfunctions and reduced apoptosis. Meanwhile, the lung
injury of Tet2-deficient mice was aggravated by increased inflammation and apopto-
sis. RNA sequencing and subsequent experiments showed that TET2 overexpression
could increase the expression of Integrin a0 (ITGA10) by reducing the methylation level
of ITGAT10 promoter. This, in turn, activated the PI3K-AKT signaling pathway. Knocking
down ITGAT10 weakened the beneficial effects of TET2 overexpression in LPS-stimulated
endothelial cells.

Conclusions: In our study, we demonstrated that TET2 deficiency aggravates
endothelial cell dysfunction and promotes acute lung injury by targeting [TGA10
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via the PI3K-AKT pathway. These findings indicate that TET2 may be a promising thera-
peutic target for treating sepsis-induced ALl.

Highlights

1. The expression of TET2 and 5-hmC was significantly decreased in both in vivo
and in vitro models of sepsis-induced acute lung injury.

2. Tet2 deficiency aggravates acute lung injury in septic mice and exacerbates dys-
function of human pulmonary microvascular endothelial cells induced by LPS.

3. TET2 may play a key role in sepsis-induced acute lung injury by regulating
ITGA10/PI3K/AKT pathway.

Keywords: TET2, 5-hmC, Endothelial cell dysfunction, ITGAT0, Sepsis-induced acute
lung injury

Introduction

Sepsis is a severe, life-threatening condition characterized by systemic organ dysfunc-
tion and a high mortality rate, resulting from various infections and eliciting a systemic
inflammatory response [1, 2]. Among the organs affected by sepsis, the lungs are com-
monly involved, with sepsis-induced acute lung injury (ALI) being one of the earliest
and most severe complications. This condition can further progress to acute respiratory
distress syndrome (ARDS) and even lead to respiratory failure [3]. The dysfunction of
vascular endothelial plays a pivotal role in sepsis-induced ALI, encompassing pulmonary
vascular endothelial impairment, transport dysfunction, alterations in vascular tension,
amplified inflammatory response, and cascade unregulated coagulation response [4, 5].
Human pulmonary microvascular endothelial cells (HPMECs) are key effector cells in
sepsis-induced ALIL The excessive release of inflammatory mediators and chemokines
inhibit cell viability and proliferation, and promote apoptosis of cells, resulting in
HPMEC damage and increased pulmonary vascular permeability, thereby aggravating
lung pathological injury [6, 7]. However, the pathophysiological mechanism of sepsis
remains unclear. Recently, numerous reports have demonstrated that epigenetic modi-
fication is associated with critical stages of sepsis, including host—pathogen interaction,
the acute inflammatory phase, and the immunosuppression phase, particularly leading
to vascular endothelial dysfunction [8, 9].

Epigenetic modifications, such as DNA methylation, histone modifications, and
non-coding RNAs, refer to DNA modifications that can regulate gene expression with-
out changing the underlying gene sequence. Among these modifications, DNA meth-
ylation, particularly involving 5-hydroxymethylcytosine (5-hmC) and 5-methylcytosine
(5-mC), has been extensively investigated [10]. It has been known that increased levels
of 5-mC are generally linked to gene silencing, while 5-hmC levels are typically involved
in upregulation of gene expression [11, 12]. Multiple studies have noticed that global
DNA methylation levels are increased obviously in lipopolysaccharide (LPS)-induced
ALI mice model compared with controls. Moreover, the use of DNA methyltransferase
(Dnmt) inhibitors has been shown to reduce both serum inflammatory factors and lung
injury severity in these mice [13-16], indicating the importance of DNA methylation in
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regulating the progression of ALI induced by LPS. One of the instrumental protein fami-
lies in DNA methylation is the ten-eleven translocation (TET) family, which consists of
TET1, TET2, and TET3, serving as crucial demethylases that oxidize 5-mC to 5-hmC.
Among them, TET2 has received significant attention in latest research [17, 18]. TET2 is
recognized as an essential regulator of normal hematopoiesis, particularly in bone mar-
row. Mutations or loss of TET2 result in widespread abnormal DNA hypermethylation,
contributing to the development of hematological malignancies such as acute myeloid
leukemia (AML), myelodysplastic syndrome (MDS), and other myeloid diseases [19].
Emerging evidence suggests that TET2 is also crucial in regulating immune homeo-
stasis during different stages of inflammation in various inflammatory diseases, acting
through macrophages, T cells, dendritic cells (DCs), and endothelial cells [20-26]. In
addition, Tet2 deficiency can promote pulmonary diseases. For instance, during acute
Pseudomonas aeruginosa pneumonia, one study showed that 7ez2 can enhance the junc-
tion integrity of bronchial epithelial cells [27]. In patients with pulmonary arterial hyper-
tension (PAH), the levels of TET2 have been proved to decrease significantly, meanwhile
in Tet2- knockout mice model, PAH developed spontaneously [28]. A similar decline in
Tet2 levels has been observed in chronic obstructive pulmonary disease (COPD), where
it was demonstrated that Tez2 alleviates airway epithelial cell ferroptosis by demethyl-
ating glutathione peroxidase 4 (Gpx4) [29]. However, the function of TET2 in sepsis-
induced ALI has not yet been explored.

In this study, we thoroughly investigated the involvement of 7ez2 in sepsis-induced
ALI and observed that Tet2 deficiency exacerbated the pathological lung damage
in a sepsis-induced ALI mouse model. Furthermore, we found that TET2 levels were
decreased in LPS-stimulated HPMECs and that TET2 could relieve the dysfunction of
HPMECs. Our findings suggested that TET?2 alleviates sepsis-induced ALI by targeting
ITGA10 through the PI3K-AKT signaling pathway.

Materials and methods

Cell culture and transfection

HPMECs were purchased from Sciencell (cat. no. 3000, San Diego, CA, USA) and cul-
tured in a complete medium composed of 10% fetal bovine serum (Gibco, Paisley, UK),
89% Dulbecco’s Modified Eagle Medium (DMEM,; Procell, Wuhan, China), and 1% peni-
cillin/streptomycin (Procell, Wuhan, China) at 37 °C in a humidified atmosphere con-
taining 5% CO,. To establish the in vitro model of sepsis-induced ALI, HPMECs were
stimulated by LPS (SigmaAldrich, St. Louis, USA) at a concentration of 10 pug/mL for
12 h, following a previously described protocol [30-32]. A total of 1x10° cells per
well were seeded into 6-well plates and allowed to incubate for 24 h. According to the
manufacturer’s instructions, when the density of cells reached about 50-60% with bet-
ter growth, HPMECs were transfected with 150 pmol siRNAs (GenePharma, Shang-
hai, China) using GP-transfect-Mate (GenePharma, Shanghai, China). The siRNAs
sequences are listed in Additional File 1: Supplementary Table S1. Adenovirus con-
structs (AD-Admax-h-TET2-3xflag-EGFP) for overexpression of TET2, with a multi-
plicity of infection of 50, were generously provided by Dr. Wanyun Zhang (Chongqing
Medical University). The efficiency of siRNAs and adenovirus constructs are shown in
Additional File 1: Supplementary Fig. S1 A-D.
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Mouse model in vivo study

C57BL/6] mice (male, 6-8 weeks old, 18-22 g) were purchased from Chongqing Medi-
cal University Experimental Animal Center (Chongqing, China) and reared under spe-
cific pathogen-free conditions. Animals were provided unrestricted access to water
and food. All animal experiments were approved by the Ethics Committee on Animal
Research of Chongqing Medical University (IACUC-CQMU-2024-0706). Environmen-
tal parameters were strictly regulated, with a temperature of 22+1 °C, 60% humidity,
and a 12-h light/dark cycle. The Tet2 shRNA and the control shRNA adeno-associated
virus 6 were sourced from GenePharma (Shanghai, China) with titers of 2.5x 103 vg/
mL, and mice were injected via tail vein with 2.5x10'* V.G/mouse. Subsequently, 4
weeks post-injection, the mice were subjected to cecal ligation and puncture to induce
sepsis-induced ALI, as described previously [33]. Following surgery, mice were subcu-
taneously administered 0.9% saline at 37 °C for fluid resuscitation and then returned to
their cages for recovery. Mice in the control group underwent a sham procedure consist-
ing of an abdominal incision without cecal ligation and puncture.

RNA extraction and reverse transcription-quantitative polymerase chain reaction
(RT-qPCR)

Total RNAs were isolated using TRIzol Reagent (R401-0, Vazyme, Nanjing, China) and
then quantified with a NanoDrop 2000 spectrophotometer (Thermo Fisher, Waltham,
MA, USA). A total of 1 ug RNA was used for reverse transcription into cDNA by a
reverse transcription kit (RK20433, ABclonal, Wuhan, China). RT-qPCR was performed
on CFX96 System (Applied Biosystems, Foster City, CA, USA) using SYBR Green Fast
qPCR Mix (RK21203, ABclonal, Wuhan, China). Data were analyzed using the 9-AACt
method, and the cDNA expression levels were normalized to GAPDH. The sequences of
primers are presented in Additional File 1: Supplementary Table S2.

DNA extraction and dot blot

Total DNA from cultured cells and lung tissues was extracted using DNA isolation Kit
(DE-05011, Foregene, Chengdu, China). The 5-hmC dot blot assay was conducted as pre-
viously published [34]. Briefly, the isolated DNA was diluted to 100 ng/uL. Total 200 ng
DNA was spotted onto Hybond-N +membranes (cat. no. G6014, Servicebio, Wuhan,
China). Cross-linking of the DNA to the membranes was achieved using a Scientz03-
II UV Crosslinker (Ningbo, China). The membranes were then blocked with 5% bovine
serum albumin (BSA) in TBST at room temperature for 1 h and subsequently incubated
with a 5-hmC antibody overnight at 4 °C. The next day, after being washed three times,
the membranes were treated with horseradish peroxidase (HRP)-conjugated secondary
antibody for 1 h at room temperature. Following detection with enhanced chemilumi-
nescence (ECL) substrate, methylene blue was used to stain the membranes as a loading
control. The antibody information is listed in Additional File 1: Supplementary Table S3.

Protein extraction and immunoblot analysis
Proteins from cells or lung tissues were extracted using RIPA buffer (P0013B, Beyo-
time, Shanghai, China), and the concentrations of protein were measured with the
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BCA Assay Kit (P0010S, Beyotime, Shanghai, China). Protein samples were denatured
by heating at 100 °C for 10 min. In addition, 8—-12% SDS-PAGE gels were used to
separate proteins (30 pg per lane), and then the proteins were electrotransferred to
the polyvinylidene fluoride (PVDF) membranes. After blocking with 5% skim milk at
room temperature for 1.5 h, the membranes were incubated overnight at 4 °C with
primary antibodies. The following day, after being washed three times with TBST, the
membranes were subsequently incubated for 1 h at room temperature with HRP-con-
jugated secondary antibodies. An ECL chemiluminescence solution (17047, Zenbio,
Chengdu, China) was used to visualize, and Fusion software was used to conduct the
semi-quantification of bands. The primary and secondary antibodies are presented in
Additional File 1: Supplementary Table S3.

CCK-8 assay

The proliferation of HPMECs was assessed by a CCK-8 Assay Kit (C0037, Beyotime,
Shanghai, China), which measured the optical density (OD) values at different times. In
brief, 4x 10? cells were counted and then seeded into 96-well culture plates with 100 pL
of media per well. After incubating the cells, 10 pL of CCK-8 solution was added to each
well, followed by incubation for 1-4 h. Absorbance at 450 nm was then detected using a
microplate reader (FlexStation®3, Molecular Devices, California, USA).

EdU assay

Cell proliferation was analyzed using the EQU Cell Proliferation Kit with Alexa Fluor 488
(C0071S, Beyotime, Shanghai, China). After transfection and LPS stimulation, HPMECs
were cultured with EQU working buffer for 2 h. Then, 4% paraformaldehyde (P0099, Bey-
otime, Shanghai, China) was used to fix the cells for 30 min at room temperature. After
that, 0.3% Triton X-100 (P0096; Beyotime, Shanghai, China) was used to permeate the
membranes of cells for 15 min. Afterward, HPMECs were cultured with 1xXEdU click
reaction mixture for 30 min in a dark environment. Hoechst33342 (C1027, Beyotime,
Shanghai, China) was applied to stain the nuclei for another 10 min, and images were
captured with a fluorescence microscope.

Scratch-wound healing assays

HPMEC:s, following transfection and LPS treatment, were subjected to a scratch-wound
healing assay to assess cellular migration. A uniform scratch was made along the center
of a 6-well plate using a 200 pL pipette tip. The cells were washed three times with pre-
warmed PBS, and then 2 mL of serum-free medium was added to each well to maintain
the continued culture. The wound areas were recorded at 0 h and 24 h, and the migra-
tion was analyzed using Image] software.

Transwell migration assay

The migratory capacity of HPMECs was evaluated using a transwell migration assay.
Approximately 1x 10* cells were placed into the transwell insert upper chamber (8 pm
pore size; Corning, NY, USA) with 200 pL of serum-free medium. The lower cham-
ber was filled with 500 pL complete medium to serve as a chemoattractant. After 24 h
of incubation, 4% paraformaldehyde was added to the transwell chambers to fix the
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migrated cells for 15 min at room temperature. Cells were then stained with 0.4% crystal
violet for 5 min. Images were captured by a microscope to quantify the migration.

Enzyme-linked immunosorbent assay (ELISA) assay

To evaluate the levels of inflammatory cytokines, cell culture medium supernatant and
mice blood samples were collected and centrifuged at 1000xg for 10 min at 4 °C. Follow-
ing the protocols from the manufacturer, the concentrations of IL-1f (interleukin-1p)
and IL-6 (interleukin-6) were quantified using enzyme-linked immunosorbent assay
(ELISA) kits (ABclonal, Wuhan, China). Absorbance was promptly detected at 450 nm
wavelength, and the concentrations of cytokines were calculated on the basis of standard
curves according to the instructions of the product.

TUNEL assay

Apoptosis in both HPMECs and lung tissue sections (5 um thickness) was measured
using a one-step TUNEL Apoptosis Assay Kit (C1088, Beyotime, Shanghai, China) fol-
lowing the manufacturer’s guidelines. Apoptotic cells were visualized under a fluores-
cence microscope after staining, and the images were processed and analyzed by Image]
software.

RNA-seq

For transcriptomic analysis, HPMECs were first transfected with TET2 siRNA or con-
trol siRNA, followed by LPS stimulation for 24 h. Total RNAs were harvested using
TRIzol reagent to construct an RNA library. RNA sequencing was carried out on the
[lumina Novaseq X Plus platform (Illumina, California, USA). Differentially expressed
genes (DEGs) were identified on the basis of log2(fold-change)>1 and an adjusted
p-value <0.05.

Luciferase activity assay

The ITGA10 full-length promoter fragment was cloned into the pGL4 basic promoter
vector. A total 1x10° of HEK293T cells per well were plated in 48-well plates and cul-
tured for 24 h. When the density of cells reached about 70% with better growth, the
pGL4 basic promoter plasmid or the pGL4-ITGAI0 promoter plasmid (GenePharma,
Shanghai, China) was applied to transfect cells by using GP-transfect-Mate (GeneP-
harma, Shanghai, China). At the same time, the adenovirus empty constructs (EC) or the
TET2-overexpressing adenovirus constructs with a multiplicity of infection of 80 were
also used to transfect HEK293T cells. After 6 h, the transfection media were removed
and replaced with fresh medium. After about 48 h of incubation, the firefly luciferase and
the Renilla luciferase activities were measured by using the Dual-Luciferase® Reporter
Assay System (E1910, Promega, Wisconsin, USA).

Methylation-specific PCR

DNA was extracted from cells by previous methods and then sodium bisulfite treatment
was performed to convert unmethylated cytosine to uracil according to EZ DNA Meth-
ylation Kit instructions. Methylated DNA and unmethylated DNA were amplified with
methylated primers and unmethylated primers, respectively. The PCR products were
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loaded onto an agarose gel for electrophoresis. All primers were synthesized by Beijing
Genomics Institute (Beijing, China), and these sequences are listed in Additional File 1:

Supplementary Table S4.

Loci-specific 5-hmC qPCR

DNA was extracted from cells by previous methods. The 5-hmC level was detected with
the BisulPlus " Loci 5mC and 5hmC Detection PCR Kit (P1067, EpiGentek, New York,
USA) by q-PCR. The primers were the same with specific methylation PCR (MSP). The
relative 5-hmC abundance was calculated according to a previous study [35].

Hematoxylin and eosin (H&E)

The harvested fresh lung tissues were fixed in 4% paraformaldehyde, then embedded in
paraffin, and sectioned at a thickness of 5 um. Sections were stained with hematoxylin
and eosin (H&E) and then imaged using a microscope (Olympus, Japan). Lung injury
severity was evaluated using previously established criteria [36].

Immunofluorescence

The tissues were fixed in 4% paraformaldehyde, permeabilized with Triton X-100, and
finally blocked with 5% BSA. Next, the samples were incubated with specific primary
antibodies to the target protein at 4 °C overnight. Following washing with PBST, the
samples were incubated with fluorescentdye-conjugated secondary antibodies. DAPI
staining solution (C1005, Beyotime, Shanghai, China) was applied for nuclear staining.
Fluorescence microscope was employed to capture and analyze the immunofluorescence

images.

Bronchoalveolar lavage fluid (BALF) analysis

Subsequently, 24 h after CLP, the mice were sacrificed, and the lung tissues and BALF
samples were collected for subsequent study. After centrifugation, the supernatant of
BALF was collected and used for protein content analysis via the BCA method. In addi-
tion, the levels of cytokine (IL-1p and IL-6) were measured using ELISA Kits. Then, the
total numbers of cells in BALF were counted using cell counting plates after BALF was

suspended.

The wet/dry (W/D) weight ratio

To assess the water content of ALI lungs, one lobe of lungs from each mouse was taken
to measure the wet weight (W), followed by desiccation in an oven at 65 °C for 24 h to
measure the dry weight (D). The W/D weight ratio was calculated to evaluate lung tissue
permeability and fluid accumulation.

Evans blue assay

The Evans blue dye assay was utilized to determine lung permeability in ALI mice, as
reported previously [37]. Briefly, mice were anesthetized, and Evans blue dye (CM05086,
Proteintech, Wuhan, China) was injected into the mice through the tail vein (45 mg/kg).
About 2 h later, the dye reached the lung tissue through blood circulation. The harvest
lung tissues were washed using saline to remove excess dye. Then, the lung tissues were
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homogenized and the Evans blue (EB) dye extracted using a buffer solution. At last, the
concentration of EB dye in the lung tissues was detected using a spectrophotometer.

Statistical analyses

Statistical analyses were performed using GraphPad Prism software (version 10.0.2,
San Diego, CA, USA). Data were presented as mean + standard deviation (SD). For two
groups, the unpaired Student’s ¢-test was utilized to analyze the data with equal vari-
ance, and Mann—Whitney test was used to analyze the data with unequal variance. For
three or more groups, the one-way analysis of variance (ANOVA) and Tukey’s multiple
comparisons test were applied. The correlation between 5-hmC modification levels and
apoptotic cell proportions in ALI tissues was analyzed using Spearman’s correlation. A
p-value <0.05 was regarded as indicating statistical significance.

Results

Tet2 and 5-hmC levels were decreased and associated with increased apoptosis

in sepsis-induced ALI mice model

To assess changes in 5-hmC modification levels during sepsis-induced ALI, we first
established a sepsis-induced ALI mice model using the cecal ligation and puncture
(CLP) surgery, which is the most accepted method for the establishment of sepsis mod-
els. Then, we verified the validity of our animal model with a series of experiments,
including pathological injury, lung tissue permeability, inflammatory cytokines, and
apoptosis levels (Additional File 1: Supplementary Fig. S2A—E). On the basis of these
data above, our sepsis-induced ALI mice model was proved to be well established for the
next analysis.

To further evaluate the 5-hmC modification levels in sepsis-induced ALI, a dot blot
assay was conducted to measure the 5-hmC level changes in lung tissue harvested from
both sham and CLP group. The results showed a noticeable decrease in 5-hmC levels
in the CLP group (Fig. 1A). Interestingly, a negative correlation was observed between
total 5-hmC levels and the apoptotic index in mouse lung tissue (Fig. 1B), suggesting
that reduced 5-hmC modification might correlate with increased apoptosis in sepsis-
induced ALIL Given that 5-hmC is primarily generated by the oxidation of 5-mC by TET
family, we used RT-qPCR to evaluate the expression of Tetl, Tet2, and Tet3 in the sham
and CLP groups. We found a marked reduction in Tet expression, particularly 7et2, in
the CLP group (Fig. 1C). Consistently, immunoblot results confirmed that Tet2 protein
levels were also lower in the CLP group compared with the sham group (Fig. 1D). The
results suggested that the downregulation of 5-hmC modification is dominantly regu-
lated by Tet2 in sepsis-induced ALI, instead of Tetl or Tet3. In addition, the expression
and location of Tet2 in mouse lung tissues were detected by immunofluorescence stain-
ing. As shown in Fig. 1E, we found that the expression of Tet2 was decreased in the CLP
group, and the cells with strong 7Tet2 expression almost coincided with the positive cells
of Cd31, which was specifically expressed by endothelial cells. The results suggested that
Tet2 was mainly expressed in pulmonary vascular endothelial cells, which implicates
Tet2’s involvement in endothelial cell function during sepsis-induced ALI progression.
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TET2 and 5-hmC levels were decreased in LPS-stimulated HPMECs, and TET2 deficiency
aggravated HPMEC apoptosis

Besides the sepsis-induced ALI mice model, we also generated in vitro model to explore
the effect of TET2 under inflammatory conditions using HPMECs. we stimulated HPMECs
with LPS for 0, 6, 12, and 24 h to assess the level of 5-hmC using a DNA dot blot. Consistent
with previous in vivo study, 5-hmC expression was decreased at all time points post LPS
stimulation (Fig. 2A). Next, we evaluated the mRNA levels of TET family members (TET1,
TET2, TET3) in LPS-treated HPMEC:s. Still, TET2 showed the most pronounced decline
compared with TETI and TET3 (Fig. 2B). Further, both mRNA expression and protein lev-
els of TET2 were measured after 0, 6, 12, and 24 h of LPS treatment. The results indicated
TET?2 was decreased at all time points, especially at 12 h (Fig. 2C, D). To figure out the role
of TET2 in HPMECs, we used small interfering RNAs (siRNA) and an adenovirus vector
to knock down and overexpress TET2 in HPMECs. After validating the efficacy of knock-
down and overexpression of TET2 in HPMECs, TUNEL assay was performed. We discov-
ered that the apoptosis in HPMECs treated with LPS increased upon TET2 knockdown
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but was reduced when TET2 was overexpressed (Fig. 2E). This was further supported by
immunoblot analysis of critical apoptosis-related proteins. The results showed that TET2
knockdown led to upregulation of Cleaved Caspase3 and BAX, while downregulating BCL-
2. Conversely, TET2 overexpression had the opposite effect, decreasing Cleaved Caspase3
and BAX and increasing BCL-2 expression (Fig. 2F). This multimodality analysis supports
the conclusion that TET2 plays a protective role in preventing apoptosis in HPMECs under
inflammatory conditions through the inhibition of apoptosis signaling pathways.

TET2 regulates the dysfunction and inflammation of HPMECs treated with LPS

To figure out the potential effect of TET2 on HPMECs function, we performed a series of
experiments assessing cell proliferation, migration, and inflammation under conditions of
TET?2 knockdown and overexpression. First, a CCK-8 assay was utilized to assess the pro-
liferation of HPMEC:s. The results demonstrated that TET2 knockdown impaired HPMEC
proliferation, while it was enhanced when TET2 was overexpressed, regardless of the pres-
ence of LPS stimulation (Fig. 3A). These findings were further confirmed using the EQU
assay, where similar patterns were observed (Fig. 3B). Next, we measured the migration of
HPMEC:s by scratch-wound healing assay. The cell migration area was markedly reduced in
the LPS-stimulated group compared with the unstimulated group. Notably, TET2 knock-
down resulted in a marked reduction in cell migration, while overexpression of TET2
enhanced the migratory capacity of HPMECs (Fig. 3C). These findings were further sup-
ported by the Transwell migration assay, which revealed a lower number of migrated cells
following TET2 knockdown, whereas TET2 overexpression significantly promoted cell
migration (Fig. 3D). We also examined whether TET2 was involved in regulating endothe-
lial barrier function by assessing the expression level of VE-cadherin, a critical intercellu-
lar junction protein. Immunoblot analysis showed that TET2 knockdown led to reduced
VE-cadherin expression, while TET2 overexpression increased its expression (Fig. 3E). This
suggests that TET2 may participate in maintaining endothelial integrity. To explore the
impact of TET2 on inflammation in endothelial cells, we used RT-qPCR to measure the
level of proinflammatory cytokines IL-1f5 and IL-6. The results indicated that the level of
IL-1p and IL-6 were significantly higher in TET2 knockdown group, while these levels were
lower in the TET?2 overexpression group. (Fig. 3F). Meanwhile, we also found similar results
in human umbilical vein endothelial cells (HUVECs). The expression of TET2 decreased
in LPS-stimulated HUVECs. After knockdown of TET?2, the proliferation and migration
abilities of HUVECs were weakened. However, after overexpression of TET2, the prolif-
eration and migration abilities of HUVECs increased (Additional File 1: Supplementary
Fig. S4A—C). Collectively, these data suggest that TET2 is a critical regulator of endothe-
lial dysfunction and inflammation in LPS-treated HPMECs. TET2 appears to promote cell
proliferation and migration, maintain endothelial barrier function, and modulate cellular
inflammatory responses, positioning it as a key player in the endothelial response to sepsis.

Knockdown of Tet2 aggravates acute lung injury in septic mice by increasing inflammation
and apoptosis

To examine the involvement of 7et2 in sepsis-induced ALI, we utilized an AAV6 viral
vector carrying Tet2-specific shRNA, which was administered to mice via tail vein
injection. Subsequently, 4 weeks after injection, the efficiency of Tet2 knockdown
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was validated by immunoblot analysis (Fig. 4A, B). Meanwhile, we verified the knock-
down efficiency of 7Tet2 in mouse lung tissues using immunofluorescence staining
(Additional File 1: Supplementary Fig. S1F). Subsequently, a DNA dot blot was per-
formed to measure the level of 5-hmC in the lung tissues of mice. As expected, the
levels of 5-hmC were reduced in CLP mice and were further decreased in Tet2 knock-
down CLP mice, with no notable difference between the CLP and NC+ CLP groups
(Fig. 4C). Histopathological analysis using H&E staining revealed that knocking down
Tet2 exacerbated pathological changes in lung tissues. Tet2 knockdown CLP mice
displayed more severe destruction of alveolar and bronchial structures, increased
leukocyte infiltration, and thickening of the alveolar septa compared with CLP mice
(Fig. 4D). Moreover, we used Evans blue staining and W/D weight ratio to measure
the permeation of lung tissue. Both methods demonstrated that the lung tissue per-
meability was further decreased in 7Tet2 knockdown CLP mice compared with CLP
mice. In addition, analysis of BALF further revealed that both total cell numbers and
total protein levels were significantly elevated following Tet2 knockdown (Fig. 4E).
Given the critical role of VE-cadherin in maintaining endothelial barrier integrity,
we evaluated its expression in vivo using immunoblot analysis. We found that VE-
cadherin expression was further reduced in Tet2-deficient mice compared with CLP
mice (Fig. 4F). To assess the impact of Tet2 knockdown on endothelial inflammation,
we measured the levels of proinflammatory cytokines IL-1p and IL-6 using ELISA and
qPCR. Compared with the CLP mice, these cytokines were significantly upregulated
in Tet2 knockdown CLP mice (Fig. 4G). Moreover, apoptotic proteins were also exam-
ined, revealing that Tet2 knockdown led to an increase in apoptosis in sepsis-induced
ALIL Immunoblot analysis suggested that Tet2 knockdown upregulated apoptotic
protein expression, including cleaved caspase-3 and Bax and downregulated Bcl-2
expression, which is an anti-apoptotic protein (Fig. 4H). Consistent with these find-
ings, TUNEL staining also showed an increase in apoptotic cells in the Tet2 knock-
down CLP mice group compared with the CLP mice group (Fig. 4I). Overall, these
results indicated that suppressing the expression of Tet2 can significantly exacerbate
sepsis-induced lung injury by promoting inflammation and apoptosis.

(See figure on next page.)

Fig. 4 Knockdown of Tet2 aggravates acute lung injury in septic mice. A The diagram of the mice
experimental procedure. AAV6-shRNA viral vector targeting Tet2 and negative control gene (NC) were
constructed and injected 4 weeks before CLP surgery via the tail vein of the mice. Bood, BALF, and lung
tissues of mice were collected 24 h after CLP surgery for subsequent detection. B The efficiency of Tet?
knockdown in lung tissue was confirmed by immunoblot. C The total DNA 5-hmC modification level in lung
tissue after CLP was detected by the 5-hmC dot blot assay. D Representative H&E staining images of CLP
lung tissue sections and the lung injury score (scale bar: 50 um). E EB staining and W/D weight ratio was
used to measure the permeability of lung tissues of mice. The number of cells in mouse BALF were counted.
The total protein levels in BALF of mice were detected by BCA method. F Immunoblot was used to measure
the protein expression of Ve-cadherin. 3-actin served as internal control. G RT-gPCR and ELISA were used

to measure the level of /-1 and /-6 in lung tissues and plasma. Gapdh was applied as loading control. H
Immunoblot was used to measure the protein expression changes of caspase3, cleaved caspase3, Bax, and
Bcl-2. ITUNEL staining was used to detect apoptosis in lung tissues (scale bar: 100 um). Data were expressed
as mean + standard deviation (mean + SD). An unpaired Student’s t-test was performed to compare data
between the two groups. One-way ANOVA with Tukey’s multiple comparisons test was used to compare
multi-group data; n=3-4 each group; ns no significance; *P < 0.05; **P < 0.01; ***P < 0.001; ****P<(0.0001
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TET2 regulated PI3K-AKT signaling pathway by targeting ITGA10

The data detailed above validated that TET2 function is important for the sepsis-
induced ALIL Hence, in the investigation for the mechanism underlying this impact
on HPMECs under LPS stimulation, we further studied the potential target genes
regulated by TET2. Initially, RNA-seq was performed on HPMECs treated with TET2
siRNA group and NC siRNA to explore the potential target genes (Fig. 5A). The analysis
showed that there were 110 upregulated and 123 downregulated genes upon TET2 sup-
pression (Fig. 5B). Then we applied Kyoto Encyclopedia of Genes and Genomes (KEGG)
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enrichment analysis to confirm the signaling pathways enriched by genes related to
TET2. Pathway analysis showed that TET2 knockdown had critical effects on genes that
are related to extracellular matrix (ECM)-receptor interaction, focal adhesion, and the
PI3K-AKT pathway, which are crucial for cell proliferation, migration, and adhesion [38,
39] (Fig. 5C). KEGG analysis suggested that the PI3K-AKT pathway is the intersection
of the above three pathways, prompting us to focus on the differential genes within the
PI3K-AKT pathway. It is well known that TET2 levels positively regulate the expression
of its downstream genes. Our KEGG analysis identified three integrin genes (ITGA?7,
ITGA10, and ITGAI1l) as being positively correlated with TET2, leading us to pri-
oritize these candidates for further validation. In our in vivo and in vitro models, we
discovered a decrease in TET2 levels, followed by an examination of ITGA7, ITGA10,
and ITGA11, all of which were downregulated following TET2 knockdown. To validate
the findings, we detected the change of these genes in mRNA level by RT-qPCR under
silencing or overexpressing TET2 in HPMEC:s. In preliminary validation experiment, we
found that these three genes’ expression levels were positively related to TET2, and the
expression of ITGAI0 was most closely associated with the expression of TET2 among
these genes (Fig. 5D). We did further immunoblot experiment to confirm the expression
changes of ITGA10 at protein level and observed that the expression of ITGA10 was
positively correlated with TET2 expression. These results suggested that /TGA10 might
be a target gene regulated by TET2 (Fig. 5E). To obtain direct evidence of TET?2 regu-
lating ITGA10, we performed a luciferase reporter assay, which demonstrated that the
activity of ITGA10 promoter was enhanced by TET2 (Fig. 5F). To further verify whether
TET2 can regulate ITGA10 methylation levels, we used specific methylation PCR (MSP)
to detect ITGA10 methylation. The results of the MSP experiment suggested that the
methylation level of ITGA10 promoter decreased after TET2 overexpression compared
with the control group (Fig. 5G). To verify whether the methylation change of ITGA10
promoter regulated by TET2 is mediated by 5-hmC modifications, we used loci-specific
5-hmC qPCR kit to detect the 5-hmC abundance of ITGA10 promoter, and the results
suggested that the 5-hmC abundance of ITGA10 promoter increased after overexpres-
sion of TET2 (Fig. 5H). It is commonly known that the PI3K-AKT signaling pathway
is involved in endothelial dysfunction during inflammatory responses. Recent studies
have shown that /TGA10 activates the PI3K-AKT pathway in some diseases [40, 41].
Thus, we hypothesized that TET2 modulates the PI3K-AKT signaling pathway through
ITGA10 in our HPMECs model. Therefore, we detected the changes of phosphorylation
levels of PI3K and AKT in both in vivo and in vitro. The immunoblot results showed that
TET?2 knockdown led to the reduction of the phosphorylation level of PI3K and AKT,
while TET2 overexpression had the opposite effects (Fig. 5I). In conclusion, our find-
ings support the notion that TET2 regulates the PI3K/AKT signaling pathway by posi-
tively modulating /TGA 10 expression, thereby influencing endothelial cell functions and
inflammatory responses.

Knockdown of ITGA10 weakens the beneficial effect of TET2 overexpression on alleviating
dysfunction and inflammation of HPMECs treated with LPS

Our previous results demonstrated that TET2 is essential for alleviating dysfunction and
inflammation of LPS-treated HPMECsS, partly by activating the expression of ITGAI0.
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Fig. 5 TET2 regulates PI3K-AKT signaling pathway by targeting ITGAT0. A The diagram of sample preparation
for RNA-seq. B Volcano plots are used to illustrate DGEs for HPMECs transfected with TET2 siRNA or NC
siRNA. C KEGG enrichment analysis identifies the signaling pathways associated with TET2 regulated-genes.
D Downregulated genes related to the integrin family were identified and their mRNA expression was
validated by RT-gPCR. E Immunoblot was used to measure the protein level of [TGA10 with TET2 knockdown
or overexpression. 3-actin served as internal control. F Luciferase reporter assay was used to examine the
relative luciferase activities in HEK 293 T cells. G MSP was used to detect the methylation level of [TGA10
promoter after TET2 overexpression. H Loci-specific 5-hmC gPCR was used to detect the abundance of
5-hmC in ITGA10 promoter after TET2 overexpression. I The protein levels of total and phosphorylated AKT
and PI3K were analyzed by immunoblot with TET2 knockdown or overexpressed in vivo and in vitro. Data
were expressed as mean + standard deviation (mean + SD). An unpaired Student’s t-test was performed to
compare data between two groups. One-way ANOVA with Tukey’s multiple comparisons test was used to
compare multi-group data; n=3-4 each group; ns no significance; *P < 0.05; **P <0.01; ***P < 0.001
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We first explored the role of ITGA10 in HPMEC dysfunction, and we found that ITGA10
may play a protective role (Additional File 1: Supplementary Fig. S3A-D). Then we sub-
jected HPMECs to ITGAIO siRNA to generate ITGAIO0 transient suppression condi-
tion for the ensuing studies. After the efficiency of ITGA10 siRNA was confirmed by
immunoblot analysis (Additional File 1: Supplementary Fig. S1E), we firstly used adeno-
virus to overexpress TET2 in HPMECs and then suppressed ITGAI0 expression using
siRNA in TET2-overexpressed HPMECs to investigate whether ITGAI0 deficiency
could weaken the activation of PI3K-AKT pathway induced by TET2 overexpression.
We found that in the group with knockdown ITGA10 after TET2 overexpression (TET2-
OE+ITGA10-si group), the activation of the PI3K-AKT pathway was decreased com-
pared with the TET2-OE group (Fig. 6A). To evaluate inflammation, we measured the
levels of proinflammatory cytokines IL-1f and IL-6 using RT-qPCR. We found that the
cytokine levels were higher in the TET2-OE+ITGAI10-siRNA group compared with
the TET2-OE group, indicating that ITGA10 knockdown reduced the antiinflamma-
tory effect of TET2 overexpression (Fig. 6B). Functional assays, including CCK-8 and
EdU, demonstrated that the proliferation of HPMECs was significantly reduced in the
TET2-OE +ITGA10-siRNA group compared with the TET2-OE group (Fig. 6C, D). Fur-
thermore, cell migration assay, such as the scratch-wound healing assay and Transwell
migration assays, revealed that the cell migration ability was markedly decreased in the
TET2-OE+ITGA10-si group compared with the TET2-OE group (Fig. 6E, F). Lastly,
we evaluated the expression of VE-cadherin, an essential protein involved in maintain-
ing endothelial barrier integrity. The immunoblot results indicated that VE-cadherin
expression was significantly reduced in the TET2-OE +ITGA10-siRNA group compared
with the TET2-OE group (Fig. 6G). On the basis of the results above, we speculated that
TET?2 alleviates the dysfunction and inflammation of HPMECs by targeting ITGA 10 via
the PI3K-AKT signaling pathway, and knockdown of ITGA10 diminishes the beneficial
effects of TET2 overexpression in LPS-stimulated endothelial cells (Fig. 7).

Discussion

Several studies have shown that epigenetic modifications are involved in sepsis [8]. How-
ever, the specific role of TET proteins, particularly TET2, in sepsis-induced ALI has not
been thoroughly explored. In this study, we discovered that the level of TETs and 5-hmC
modification were decreased in both in vivo and in vitro models of sepsis-induced ALL
Among three TET proteins, TET2 was validated as the dominant regulator for 5-hmC
modification in sepsis-induced ALI. We further demonstrated that TET2 could upregu-
late the expression of ITGAI0 via promoter activating and then active PI3K-AKT path-
way in HPMECs. As far as we know, this is the first study to elucidate TET2’s role in
endothelial dysfunction in sepsis-induced ALI via epigenetic regulation of ITGA10.

The TET protein family, including TET1, TET2, and TET3, function as key epige-
netic regulators by catalyzing the conversion of 5-mC to 5-hmC, thereby influencing
various biological processes [21, 42]. In our study, we observed that TET2 predomi-
nantly regulated 5-hmC levels in sepsis-induced ALI, while TETI and TET3 con-
tributed less significantly. Compared with TET1 and TET3, TET2 is the most closely
related to inflammation and immunity [21]. Previous research has demonstrated the
multifaceted role of TET2 in regulating hematopoiesis [19], inflammation [21-26]
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and pulmonary diseases [27-29]. Since a study published in Nature revealed that Tet2
can repress [/-6 to resolve inflammation, and Tez2-deficient mice exhibit strong IL-6
secretion capacity, a more severe inflammatory phenotype, and an increased risk of
endotoxin shock [26], Tet2 has begun to gain attention for its regulation in inflamma-
tion diseases. In addition, a study has demonstrated that acute kidney injury (AKI)
induced by cisplatin is associated with Tet2. Bao et al. found that Tet2-knockout (KO)
mice developed more severe kidney injury, and that Tet2 protects the kidneys from
damage by regulating inflammatory responses and metabolism through PPAR signal-
ing pathway [20].

Previous studies have confirmed that sepsis-induced by CLP is a classic and
widely used animal model for the study of sepsis-induced ALI. The progression and
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characteristics of multi-bacterial sepsis induced by CLP are very similar to those of
human sepsis [43]. Compared with other induction models, the CLP model can bet-
ter reflect the complexity of human sepsis. Herein, on the basis of CLP-induced sep-
tic mice model, we firstly discovered that the level of 5-hmC and the expression of
Tet family were declined in sepsis-induced ALI mice, especially Tet2 given that Tet2
was downregulated in the lung tissue of ALI mice, and the 5-hmC modification was
negatively correlated with apoptosis of mouse lung tissue in our study. Subsequently,
we used AAV6 to knock down 7et2 in mice and discovered that Tet2 deficiency aggra-
vated the sepsis-induced ALI, marked by increased lung pathological injury and per-
meability of lungs, inflammation, and apoptosis. To better explore the effect of 7et2
in sepsis-induced ALI, we detected the localization of Tet2 in lung tissues. The result
showed that 7et2 was mainly expressed in pulmonary vascular endothelial cells, sug-
gesting its significant involvement in maintaining endothelial cell integrity during
sepsis-induced ALI

HPMEC:s are one of the most important effector cells in sepsis-induced ALI. The dys-
function of endothelial cells is a hallmark of sepsis-induced ALI, leading to increased
vascular permeability, pulmonary edema, and respiratory failure. Endothelial cell dys-
function is usually accompanied by abnormal endothelial cell activation and changes
in cell migration and permeability [44]. In our in vitro experiments with LPS-treated
HPMECs, TET2 knockdown reduced cell proliferation, migration, and barrier function,
while enhancing apoptosis and proinflammatory cytokine production (IL-18 and IL-6).
Conversely, overexpression of TET2 significantly alleviated these dysfunctions, indicat-
ing its protective role in maintaining endothelial cell function under septic conditions.

On the basis of our results, we sought to explore the mechanistic role of TET2 in sep-
sis-induced ALL It is well established that TET2 regulates the expression of downstream
target genes by modulating promoter methylation level to exert its function [45]. Subse-
quently, we performed RNA sequencing to identify the target genes and possible signal-
ing pathways regulated by TET?2 in sepsis-induced ALL The RNA-seq screened out 223
DGEs and these genes, related to TET2, were mainly enriched in pathways associated
with cell adhesion and inflammatory response, including ECM-receptor interaction,
focal adhesion, PI3K-AKT, IL-17, and NOD-like receptor signaling pathways, especially
ECM-receptor interaction, focal adhesion, and PI3K-AKT, which were mainly con-
centrated in cell adhesion. ECM-receptor interaction refers to the interaction between
extracellular matrix and receptors on the cell surface to trigger cell signal transduction
pathways and affect biological functions such as cell migration, proliferation, differen-
tiation, and apoptosis. Recent studies have confirmed that ECM-receptor interaction is
involved in the occurrence and development of sepsis-induced ALI [46]. Focal adhesion
is critical for maintaining endothelial barrier integrity and plays a key role in protecting
lung function [47]. We used KEGG analysis to conduct a deeper excavation and found
that the PI3K-AKT pathway is the intersection of the above pathways. Through further
investigation, we found that ECM activates FAK in focal adhesion pathway by interact-
ing with integrin receptors on the cell surface, which in turn activates the PI3K-AKT
pathway [48-50], so we further focused on the effects of TET2 on the PI3K-AKT path-
way. The activation of PI3K-AKT signaling pathway has been proved by many studies to
be associated with sepsis-induced ALI and pulmonary endothelial dysfunction [51, 52],
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which can regulate endothelial cell apoptosis, proliferation, inflammatory responses, and
reverse cell dysfunction [53]. Using immunoblot analysis, we discovered that the activa-
tion of PI3BK/AKT pathway was decreased by TET2 knockdown and increased by TET2
overexpression.

To find the target genes regulated by TET2, we paid close attention to the differential
genes in the PI3K-AKT pathway. Then we discovered a total of five differential genes
enriched in the PI3K-AKT pathway, including two upregulated genes and three down-
regulated genes. Generally, the level of TET2 is positively correlated with gene expres-
sion. Combined with the results that the expression levels of TET2 were both decreased
in both in vivo and in vitro models, we noticed the three downregulated genes (ITGA?7,
ITGA10, ITGA1l). After the preliminary validation experiment, we observed that
only the mRNA expression level of these genes (ITGA7, ITGA10, ITGA1I) was posi-
tively correlated with the level of TET2. We discovered that the expression changes of
ITGA10 were most closely related to TET2 by RT-qPCR, and immunoblot also verified
this result. Meanwhile, we found the promoter activity of /TGAI0 was promoted, and
the methylation level of ITGA10 promoter was decreased by overexpressing TET2. We
further found that the abundance of 5-hmC on ITGA10 promoter increased after over-
expression of TET2. These results suggest that TET2 reduces the methylation level of
ITGA10 promoter by increasing its 5-hmC level, thus promoting its expression.

ITGA10 (Integrin al10), a member of integrin o family, is known to promote cellular
processes such as migration, proliferation, adhesion, and differentiation through the
PI3K-AKT pathway [40, 41] and may contribute to endothelial function [54]. Goyer et al.
discovered that ITGA10 is involved in Fuchs endothelial corneal dystrophy development
[55]. Our KEGG analysis also suggested that ITGAI0 is related to PI3K-AKT signaling
pathway. Importantly, knocking down ITGAI0 in cells overexpressing TET2 attenuated
PI3K-AKT pathway activation. Therefore, we conclude that TET?2 deficiency aggravates
endothelial cell dysfunction and promotes acute lung injury by targeting ITGA10 via the
PI3K-AKT pathway. In our study, we demonstrated that ITGA10 is a downstream target
gene of TET?2, which may play a critical role in the endothelial cell dysfunction of sepsis-
induced ALL

Despite these insights, there are still some issues that need to be discussed further.
Firstly, the 5-hmC modification level is mediated by TETs. In our in vivo and in vitro
models, we found that the expression of TET2 decreased most significantly. Although
TET2 is more closely related to inflammation and immunity than TET1 and TETS3, the
involvement of TET1 and TET3 in 5-hmC modification changes in sepsis-induced ALI
cannot be ruled out, which requires further investigation. Secondly, the conditional
knockout mice would probably provide more robust evidence for the role of Tet2 in sep-
sis-induced ALI. While we focused on ITGA10 and the PI3BK-AKT pathway, there may
be additional TET2-regulated genes and pathways involved in endothelial dysfunction

during sepsis-induced ALI that we have not yet identified based on our present data.

Conclusions

Our research reveals a new perspective on the role of TET2 in the progression of
sepsis-induced ALI. We demonstrate that TET2 deficiency aggravates lung injury by
targeting ITGA10 and suppressing the PI3K-AKT signaling pathway. These findings
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indicate that TET2 may be a promising therapeutic target for treating sepsis-induced
ALI highlighting its role in regulating endothelial cell function during inflammatory

responses.
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