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Activation of TRAF1 induced by USP7/ 2
SP1 exacerbates the severity of infantile
pneumonia

Ying Liu', Yilun Ji, Yu Zhang® and Zhengsi Li*

Abstract

Background Infantile pneumonia (IP) is a leading cause of morbidity and mortality in children worldwide, with
limited treatment options. Tumor necrosis factor receptor-associated factor 1 (TRAF1) has been implicated in the
pathogenesis of various inflammatory diseases. Given the lack of effective therapies in IP, understanding the role of
TRAF1 in regulating IP is crucial for developing new therapeutic strategies.

Methods This study utilized in vitro and in vivo models to investigate the role of TRAF1 in IP. WI-38 cells were
stimulated with lipopolysaccharide (LPS), and rats were administered LPS to mimic IP. The mRNA expression of

TRAF1 and Sp1 transcription factor (SP1) was analyzed using quantitative real-time polymerase chain reaction. The
protein expression of TRAF1, ubiquitin-specific peptidase 7 (USP7), and SP1 was detected by western blotting. Cell
viability and apoptosis were assessed using cell counting kit-8 assay and flow cytometry/TUNEL assays, respectively.
Interleukin-6 and tumor necrosis factor-a levels were measured by enzyme-linked immunosorbent assays. Reactive
oxygen species and malondialdehyde levels were analyzed using fluorescence microscopy and colorimetric

assays. The interactions among USP7, TRAF1, and SP1 were identified using co-immunoprecipitation assay,
immunofluorescence assay, and dual-luciferase reporter assay. TRAF1 silencing-induced effects were validated in a rat
model. Lung tissue pathology was assessed using haematoxylin and eosin assay and Massion assay.

Results LPS treatment induced apoptosis, inflammation, and oxidative stress of WI-38 cells, however, TRAF1 silencing
ameliorated these effects. USP7 stabilized TRAF1 protein expression through its deubiquitinating activity, while TRAF1
overexpression reversed the effects of USP7 silencing in LPS-treated WI-38 cells. In addition, SP1 transcriptionally
activated TRAF1 in WI-38 cells. Further, TRAF1 silencing improved lung injury in LPS-induced mice.

Conclusion Activation of TRAF1 by USP7/SP1 exacerbated the severity of IP, suggesting that targeting TRAF1 may
have significant clinical implications for the treatment of IP.
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Introduction

Pneumonia is one of the more common respiratory dis-
eases in pediatrics, particularly with a higher incidence
rate among the infant and toddler population [1]. Bacte-
ria, viruses, and mycoplasmas are the primary pathogens
that cause pneumonia in infants and toddlers, usually
spreading through the lungs and causing inflammation
[2]. In recent years, due to the change in environmental
factors, the incidence of infantile pneumonia (IP) has
shown a trend of rising annually [3]. Currently, the treat-
ment for IP mostly involves antiviral and antibacterial
therapy. However, with the increasing use of antibiotics,
the rising antibiotic resistance of pathogens makes the
disease difficult to cure [4]. Thus, conducting compre-
hensive research into the pathogenesis of IP and identi-
fying more effective therapeutic targets is of paramount
importance in improving this condition.

Tumor necrosis factor receptor-associated factor 1
(TRAF1) was initially discovered during the study of
tumor necrosis factor receptor 2 signaling complex. It
participates in the signaling processes of various tumor
necrosis factor receptors, such as tumor necrosis factor
receptor-2, latent membrane protein 1 (LMP1), 4-1BB,
and cluster of differentiation 40 receptors [5]. There is
extensive evidence for its different roles in the progres-
sion of lung diseases. For example, TRAF1 promoted
tumor invasion of lung cancer by modulating the v-Raf
murine sarcoma viral oncogene homolog B (BRAF)/
mitogen-activated protein kinase kinase (MEK)/extracel-
lular signal-regulated kinase (ERK) signaling [6]. TRAF1
was expressed in resident lung cells and was respon-
sible for allergic lung inflammation [7]. However, its
role in the progression of pneumonia, particularly in IP,
as well as the underlying mechanisms, warrant further
investigation.

The ubiquitin-proteasome system (UPS) is involved in
the regulation of protein silence, protein function, and
localization, thereby affecting immune responses, cell
cycle progression, and the onset of diseases [8]. Deu-
biquitinating enzymes (DUBs), as members of the UPS,
counteract the function of E3 ligases by cleaving ubiq-
uitin from ubiquitin precursors. Ubiquitin-specific pro-
tease 7 (USP7) is a DUB that regulates the stability of
numerous target proteins through its deubiquitinating
activity [8, 9]. It has been shown to play a significant
role in the regulation of protein stability in critical cel-
lular processes including epigenetic regulation and DNA
replication [10]. In particular, it has been reported that
USP7-dependent mitogen-activated protein kinase 14
(MAPK14) aggravates the progression of pneumonia
[11].

Spl transcription factor (SP1) stands out as one of the
most distinctive transcriptional activators and could bind
to the promoter regions of target genes [12]. This binding
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capacity allows SP1 to modulate the transcription of
downstream target genes to influence gene expression
profiles critical for various cellular functions. Beyond its
role in transcriptional regulation, SP1 is deeply impli-
cated in a multitude of cellular processes, such as cell
growth, apoptosis, and angiogenesis [13]. The burgeon-
ing evidence increasingly clarifies that SP1 plays a pivotal
role in the progression of diseases, such as atherosclero-
sis [14], asthma [15] and respiratory tract disorders [16].
Drawing on the comprehensive evidence available, the
study posited that TRAF1 was responsible for IP pro-
gression, with USP7 and SP1 identified as critical regula-
tors of TRAF1 in this pathological process. To test this
hypothesis, the study employed both a rat model and cel-
lular models, with the objective of identifying potential
therapeutic targets for the treatment of this condition.

Materials and methods

Clinical samples

This study involved 49 children with pneumonia admitted
to Northwest Women’s and Children’s Hospital between
January and October 2024 as the subjects for analysis.
Additionally, 41 healthy children undergoing physi-
cal examinations during the same period were included
as the control group (healthy control group). Peripheral
blood samples were collected from both groups via veni-
puncture and centrifuged (1,000 g, 10 min, at 4 °C). The
supernatant was then stored in an ultra-low temperature
refrigerator. The study was approved by the Ethics Com-
mittee of Northwest Women’s and Children’s Hospital.
Parents or legal guardians of all participants signed a
written informed consent form prior to the study. Inclu-
sion criteria for the study comprised (1) children aged
between 3 and 10 years diagnosed with pneumonia,
presenting with clinical symptoms such as fever, cough,
expectoration, and dyspnea; (2) participants were also
required to exhibit signs of lower respiratory tract and
systemic infection, along with either the presence or
absence of rales accompanied by inspiratory stridor; (3)
the white blood cell count in their peripheral blood was
at or above 4.0x10°/L; (4) post-imaging examination
revealed infiltrative shadows in the lungs of the children.
Exclusion criteria included: (1) children with immuno-
deficiency; (2) children with symptoms of tuberculosis
infection or those with bronchial asthma; (3) parents or
legal guardians who refused to sign the informed consent
form despite being fully informed of the study’s purpose,
significance, and detailed execution terms.

Cell culture and lipopolysaccharide (LPS) stimulation

Human embryonic lung fibroblasts (WI-38, EK-Bio-
science) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, EK-Bioscience) added with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin at
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37°C with 5% CO,. WI-38 cells were induced with a pre-
configured concentration of LPS (5, 10 and 15 pg/mL,
MedChemExpress, Princeton, NJ, USA) at 37 °C for 12 h
to mimic an in vitro IP model.

Cell transfection

Small interfering RNAs (siRNAs) of TRAF1 (si-TRAFI,
si-TRAF1#1, and si-TRAF1#2), USP7 (si-USP7, si-
USP7#1, and si-USP7#2) and SP1 (si-SP1, si-SP1#1, and
si-SP1#2), USP7 overexpression plasmid (OE-USP7),
TRAF1 overexpression plasmid (OE-TRAF1), and the
matched controls (si-NC and OE-control) were provided
by GenePharma (Shanghai, China). WI-38 cells were cul-
tured in DMEM medium containing 10% FBS, maintain-
ing the cell density at 80% or lower confluence. The day
before transfection, cell viability needed to be ensured to
be stable. Prior to transfection, a microscope was used to
observe cell density and morphology. The excess medium
was aspirated and replaced with serum-free Opti-MEM
(Solarbio, Beijing, China), after which the cells were
incubated in an incubator until the transfection mixture
was ready to be applied. The plasmids and siRNAs were
respectively mixed thoroughly with Lipofectamine 2000
(Thermo Fisher, Waltham, MA, USA) and incubated for
5 min before being added to the cell culture, thus trans-
fecting the WI-38 cells. Cell culture was performed at a
temperature of 37 °C for cultivation.

Cell viability analysis

WI-38 cells were detached from the culture plates, and
the cell count within the counting chamber was deter-
mined under a microscope. The required volume of solu-
tions was calculated based on a cell density of 5,000 cells
per well and added into 96-well plates. After 24 h of cul-
ture, the cell status was observed, the supernatant was
discarded, and the cells were subjected to transfection
and LPS treatment. At 48 h post-treatment, a pre-con-
figured cell counting kit-8 (CCK-8) solution (Beyotime,
Shanghai, China) was added, and the plates were incu-
bated in the dark for 2 h. The optical density (OD) value
was measured using a microplate reader.

Cell apoptosis analysis

Cell culture medium was aspirated into centrifuge tubes,
and the cells were gently resuspended in phosphate buf-
fer solution before counting. Subsequently, the cells
were centrifuged at 1000 g for 5 min to collect them. The
cells were then resuspended in Binding Buffer (Solarbio,
Beijing, China). Annexin V-fluorescein isothiocyanate
(Annexin V-FITC, Solarbio) was added, and the mixtures
were gently mixed and incubated in the dark for 15 min.
Propidium iodide staining solution (Solarbio) was then
added and gently mixed, and the tubes were placed in an
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ice bath in the dark for 5 min. Flow cytometry analysis
was performed within 30 min.

Cell apoptosis was also analyzed using the TUNEL
Apoptosis Detection Kit (Yeasen, Shanghai, China).
2x 107 WI-38 cells were added to poly-L-lysine-coated
glass slides and fixed using paraformaldehyde, followed
by digestion using Proteinase K solution. The Equilibra-
tion Buffer was added to the glass slides, and the samples
were incubated with TdT buffer, propidium iodide solu-
tion, and 4,6-Diamidino-2-Phenylindole (DAPI) solution
in sequence. Finally, the glass slides were placed under a
fluorescence microscope to observe the staining results.

Enzyme-linked immunosorbent assays (ELISAs)
Commercial kits including Rat myeloperoxidase (MPO)
ELISA Kit (SEKR-0073, Solarbio, Beijing, China),
Human Interleukin 6 (IL-6) ELISA Kit (AE62763HU,
Abebio, Wuhan, China), Rat Interleukin 6 ELISA Kit
(AE38205RA, Abebio), Human Tumor Necrosis Factor
a (TNF-a) ELISA Kit (AE13959HU, Abebio), and Rat
Tumor necrosis factor a ELISA Kit (AE13958RA, Abe-
bio) were used to detect the levels of MPO, IL-6 and
TNF-« in the cell supernatant of WI-38 cells, lung tissues
or bronchoalveolar lavage fluid according the respective
guidebooks.

Reactive oxygen species (ROS) detection

ROS levels were analyzed using Cellular ROS Assay kit
(ab113851, Abcam) according to the guidebook. ROS lev-
els were determined by flow cytometer (Thermo Fisher,
Waltham, MA, USA) and fluorescent microscope (Olym-
pus, Tokyo, Japan).

Malondialdehyde (MDA) analysis

Human MDA ELISA Kit (EH4174, FineTest, Wuhan,
China) was used to detect MDA levels. Cell supernatants
were harvested and added to detection wells, followed by
incubation with biotin-labeled antibody and 3,3;5,5’-Tet-
ramethylbenzidine. These samples were analyzed using a
microplate reader after adding stopping solution.

Quantitative real-time polymerase chain reaction (qRT-
PCR)

Cell supernatants were discarded, and TsingZol (Tsingke,
Shanghai, China) was added to culture wells. The mix-
tures were left to stand for 5 min to ensure complete
lysis. Chloroform was then added, and the solutions
were allowed to sit for 10 min. The supernatants were
collected after centrifugation, to which isopropanol was
added. The mixtures were inverted gently to mix and left
for another 10 min. The supernatants were discarded
once again after centrifugation, and 100% ethanol was
added. The precipitates were dissolved in sterile DEPC
water and stored at -20°C for later use. According to the
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instructions of the cDNA Reverse Transcription reagents
(Thermo Fisher), the RNA was reverse transcribed into
cDNA. Primer sequences were retrieved and down-
loaded from the national center of biotechnology infor-
mation genebank database. The obtained cDNA, primers,
and SYBR® Premix (TaKaRa, Dalian, China) were mixed
according to the manufacturer’s protocol. The mixtures
were placed into a fluorescence quantitative PCR instru-
ment (Thermo Fisher), and the experimental data were
collected and analyzed through the 2724t method with
the normalization to p-actin. TRAF1 5-GCGCCGAGA
TGGAGTCATCA-3" and 5-GCGATAAAAATCCCCT
GGATGGTG-3; SP1 5-GTCCGCCCTCTGACCAAG-3
and 5-AAGGCACCACCACCATTACC-3; B-actin 5’-CT
TCGCGGGCGACGAT-3 and 5-CCACATAGGAATCC
TTCTGACC-3!

Western blotting assay

After mincing the lung tissue from each group of rats, an
appropriate amount of radioimmunoprecipitation assay
(RIPA) buffer (Beyotime) was added based on the tis-
sue weight to extract total protein. The RIPA lysis buffer
was then transferred to the detection cell wells, and the
supernatant was collected. After measuring the protein
concentration in each group, samples of equal concen-
tration were prepared. These samples were denatured,
and equal volumes of the prepared samples were loaded
into the gel wells for electrophoresis. The gels were trans-
ferred to polyvinylidene fluoride membranes (GenScript,
Nanjing, China) in a transfer apparatus. The membranes
were then immersed in blocking solutions for 15 min,
followed by washing with phosphate-buffered tween
solution. Subsequently, the membranes were incubated
with the primary antibodies against TRAF1 (ab300075,
1:1000, Abcam), USP7 (ab108931, 1:5000, Abcam), SP1
(ab124804, 1:5000, Abcam), and p-actin (ab8226, 1:1000,
Abcam) as well as the corresponding secondary antibod-
ies (Abcam). The eyoECL Plus (Beyotime) was added for
exposure. Finally, the results were saved and analyzed
statistically.

Protein degradation analysis

Transfection with OE-USP7 and control OE-control
was performed in six-well plates. After 48 h, the origi-
nal medium in each well was aspirated, and complete
medium containing 200 pg/mL cycloheximide (CHX,
Amyjet, Wuhan, China) was added to each well. Cells
from each group were collected at 0, 5, 10, 15, and 20 h,
respectively. Protein extraction and concentration deter-
mination were carried out on the collected cells. The
extracted proteins were denatured and subjected to west-
ern blotting analysis to validate the effect of USP7 protein
expression on the stability of the TRAF1 protein.
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Ubiquitination assays

To directly detect the effect of USP7 on the polyubiq-
uitination of TRAF1 in cell extracts, WI-38 cells were
co-transfected with si-USP7 or si-NC. After 48 h, total
proteins were collected. All sample concentrations
were adjusted and TRAF1 antibody (MA5-15043, 1:50,
Thermo Fisher) was incubated with the supernatant. Pro-
tein A/G Magnetic Beads (Wanleibio, Shenyang, China)
were added to capture the antigen-antibody complexes.
The beads were collected using a magnetic separator,
washed with lysis buffer, and the complexes were sus-
pended in loading buffer for western blotting. The anti-
bodies included ubiquitin (Ub) antibody (58395, 1:1000,
CST, Boston, MA, USA), USP7 antibody (ab108931,
1:5000, Abcam), TRAF1 antibody (ab300075, 1:1000,
Abcam), and B-actin antibody (ab8226, 1:1000, Abcam).

Immunofluorescence assay

Twenty-four hours post-transfection, the cells were
digested with trypsin and re-seeded into confocal dishes,
after which they were placed in the incubator for further
cultivation. 4% paraformaldehyde (Santa Cruz, Santa-
Cruz, California, USA) was added to the dishes to fix the
cells for 20 min. Subsequently, 0.5% TritonX-100 solution
(Abmole, Shanghai, China) was added to the dishes, and
the cells were incubated for 15 min. The primary anti-
body against USP7 (Thermo Fisher) or TRAF1 (Thermo
Fisher) was added to the wells, followed by overnight
incubation on a shaker at 4 °C. An appropriate amount
of the secondary antibody solution (Thermo Fisher) was
then added to the wells using a pipette, and the cells were
incubated for 1 h. An adequate amount of antifluores-
cence quenching mounting medium containing DAPI
was added, and the cells were incubated for 5 min. The
confocal dishes were then mounted on the stage of a live-
cell imaging system, and appropriate parameters were
adjusted to observe and capture the images.

Chromatin immunoprecipitation (ChIP) assay

WI-38 cells were cultured in 10 cm dishes, and formalde-
hyde (Sigma, St. Louis, MO, USA) was added to crosslink
the target protein and the corresponding genomic DNA.
Glycine Solution (Wanleibio, Shenyang, China) was
added, and the cells were collected into EP tubes. The cell
pellets were resuspended in SDS Lysis Buffer (Think-Far
Technology, Beijing, China) containing phenylmethane-
sulfonyl fluoride and incubated on ice for 10 min to fully
lyse the cells. The samples were kept on ice, and sonica-
tion was performed at 25% power for 3 s on and 17 s off,
for a total of 25 min. The supernatants were collected
by centrifugation, and ChIP Dilution Buffer (Wanleibio)
was added to dilute the sonicated samples. Protein A + G
Agarose (Wanleibio) was added to the samples, and the
mixtures were slowly rotated at 4 °C for 30 min. The
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supernatants were collected by centrifugation, and SP1
antibody (PA5-29165, Thermo Fisher) was added. The
control group received incubation with IgG (Wanleibio).
The next day, Protein A + G Agarose was added and incu-
bated for 4 h. The precipitates were washed, and the sam-
ples were subjected to de-crosslinking. Following this,
DNA purification and PCR detection were conducted.

Dual-luciferase reporter assay

The study constructed the wild-type plasmid carrying
the sequence of TRAF1 promoter region and the wild-
type reporter gene plasmids with mutated binding sites
of SP1 in TRAF1. The cells were seeded in 12-well plates
and transfected when the cell density reached approxi-
mately 70%. The reporter plasmids were co-transfected
into WI-38 cells with si-SP1 and si-NC. Simultaneously,
pRL-TK (GenePharma, Shanghai, China) was transfected
into the cells. After 48 h of culture, the luciferase activity
of the reporter genes was detected using the Dual-Lucy
Assay Kit (Solarbio) in a luminometer.

Animal experiments

Twenty healthy male SD rats (aged 4—6 weeks, weigh-
ing 180-200 g, Hunan Slyke Jingda Experimental Animal
Co., LTD,, Changsha, China) were randomly divided into
five groups: Sham, LPS, LPS+ As-sh-NC, LPS +Ad-sh-
TRAF1, with five rats in each group. The adenoviruses
stably expressing sh-TRAF1 and sh-NC were provided
by GenePharma Co., LTD. Two groups of rats were
injected with As-sh-NC and Ad-sh-TRAF1 via the tail
vein. The blank control group and the model group were
administered with saline. Three days later, except for the
blank control group, the other three groups of rats were
given an intranasal instillation of LPS solution (5 mg/kg,
MedChemExpress) to replicate the rat model of acute
pneumonia. Six hours after instillation, the rats were
euthanized. Lung tissue and bronchoalveolar lavage fluid
(BALF) samples were collected for subsequent histo-
pathological observation, ELISA kit assays, and western
blotting analysis. The animal experiment was permitted
by the Animal Research Committee of Northwest Wom-
en’s and Children’s Hospital. The study was performed in
accordance with the guidelines of the National Animal
Care and Ethics Institution.

Haematoxylin and eosin (HE) staining

The lung tissue sections were heated to 64 °C for 10 min,
then cleared and dried using xylene and a range of
increasingly concentrated ethanol solutions. The lung
tissue sections were hydrated and then stained with
hematoxylin solution (Solarbio) for 3 min. An appropri-
ate amount of eosin dye (Solarbio) was added for 3 min,
and the sections were successively immersed in descend-
ing gradient ethanol solutions and xylene for dehydration
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and clearing. A drop of neutral resin was added to cover
the slides before finally observing and photographing
under the microscope. The results were recorded and
scored according to the extent of white and red blood cell
infiltration in the lung tissue, the count of white and red
blood cells in the alveolar space, as well as the amount of
fibrin, hyaline membrane, and edema exudate [17].

Masson staining

The assay was performed using a Masson staining kit
(Thermo Fisher). Lung tissue sections from rats were
dewaxed and treated with chrome, then washed under
running tap water. They were stained with hematoxy-
lin for 5 min and then immersed in Masson solution,
followed by immersion in a 2% acetic acid solution for
3 min, 1% molybdate water for 3 min, and stained with
aniline blue for 5 min. Afterward, they were immersed in
a 0.2% acetic acid solution for 3 min, followed by dehy-
dration and clearing in a series of gradient ethanol solu-
tions and xylene. Finally, the sections were mounted with
neutral mounting medium before being observed and
photographed under a microscope.

Lung wet weight/dry weight ratio

After the successful establishment of the model, the lung
tissues of the rats (left lung tissue) were excised, the sur-
face liquid was dried, and the weight was measured, with
the values recorded as wet weight (W). Then, they were
placed in a 60 °C oven for 48 h, after which they were
weighed again, with the value recorded as dry weight (D).
The W/D ratio of the rat lungs was calculated to assess
the degree of pulmonary edema.

Statistical analysis

The analysis and processing of experimental data were
performed using GraphPad Prism 8.0 software. The data
were expressed as means * standard deviations. The dif-
ferences among multiple groups were tested using one-
way analysis of variance (One-Way ANOVA), while the
comparison between the two groups was performed
using two-tailed Student’s ¢-tests. P<0.05 indicated a sta-
tistically significant difference.

Results

LPS treatment induced WI-38 cell apoptosis, inflammation
and oxidative stress

The study treated WI-38 cells using various concentra-
tions of LPS (0, 5, 10, and 15 pg/mL) and then analyzed
the subsequent effects of LPS on their biological behav-
iors. The results showed that LPS treatment inhibited cell
viability and induced cell apoptosis in a concentration-
dependent manner (Fig. 1A-D). Moreover, the levels of
inflammatory factors including IL-6 and TNF-a were
increased in a concentration-dependent manner after
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Fig. 1 LPS treatment induced WI-38 cell apoptosis, inflammation and oxidative stress. WI-38 cells were treated with various concentrations of LPS (0, 5,
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LPS treatment (Fig. 1E). As shown in Fig. 1F-I, LPS stim-
ulation elevated the levels of ROS and MDA in a concen-
tration-dependent manner. Thus, LPS treatment induced
IP-like cell injury.

TRAF1 silencing ameliorated LPS-induced WI-38 cell
apoptosis, inflammation and oxidative stress

The study then analyzed the role of TRAF1 in LPS-
induced WI-38 cell injury. The qRT-PCR analysis
revealed its high expression in the serum of IP patients
than in healthy controls (Fig. 2A). The western blot-
ting assays also showed its high protein expression in
LPS-induced WI-38 cells (Fig. 2B). Subsequently, the
study transfected TRAF1 siRNA and its control si-NC
into WI-38 cells and LPS treatment was performed. The
data presented by western blotting assay showed that
TRAF1 protein expression was significantly decreased
after the transfection with si-TRAF1, si-TRAF1#1 and si-
TRAF1#2, especially transfection with si-TRAF1 (Fig. 2C
and Figure S1A). si-TRAF1 was used for the following
study. We also discovered that LPS treatment-induced
inhibition in cell viability and promotion in cell apop-
tosis was attenuated after TRAF1 silencing (Fig. 2D-F).
Moreover, the transfection with TRAF1 siRNA counter-
acted the LPS treatment-induced increases in the levels
of IL-6, TNF-a, ROS and MDA (Fig. 2G-]). The study also

analyzed the effects of TRAF1 overexpression on LPS-
induced WI-38 cell injury. As shown in Figure S2A-E,
LPS treatment-induced inhibitory effect on cell viability
and promoting effects on cell apoptosis, IL-6, TNF-«, and
ROS levels were enhanced after TRAF1 overexpression.
Thus, TRAF1 knockdown protected against LPS-induced
cell apoptosis, inflammation and oxidative stress.

USP7 stabilized TRAF1 protein expression through its
deubiquitinating activity

The STRING database predicted that USP7 potentially
interacted with TRAF1 (Fig. 3A), indicating the pos-
sible regulatory role of USP7 in TRAF1. The study then
synthesized USP7 siRNAs (si-USP7, si-USP7#1 and si-
USP7#2) and USP7 overexpression plasmid to analyze
the association of USP7 and TRAF1. Their efficiency in
downregulating or upregulating USP7 protein expression
is shown in Fig. 3B and Figure S1B. si-USP7 was selected
for subsequent study due to its highest inhibitory effect
on SP1 expression. Subsequently, we discovered that
USP7 silencing did not affect the mRNA expression but
significantly inhibited its protein expression (Fig. 3C and
D). However, the USP7 siRNA-induced inhibitory effect
on TRAF1 protein expression was relieved after treat-
ment with MG132 (Fig. 3D). The CHX assay showed that
the stabilization of TRAF1 protein was enhanced after



Liu et al. Hereditas (2025) 162:44

Page 7 of 12
TRAF] S S - TRAF| SR s—
A B Factn S AS S C oocon - D
6 . c 4 . c 1597 si-NC 150
<5 — -5 _ § |3 si-TRAF1 - N
g Lo 3 * Lo s
FEE =8 S 810 =100 *
=i (= L] Fa =
o =
23 23? 23 s
%;z §§1 %.go.s * %so
# 7] 3 o G
o o
0 0 0.0 - 0
Control Infantile pneumonia 3 0 pg/mL 3 Control
N=41 N=49 3 5 pg/mL B LPs
3 10 pg/mL [ LPS+si-NC
= 15 pg/mL [ LPS+si-TRAF1
E )
Control LPS LPS+si-NC LPS+si-TRAF1 30 * * =25
: - — — E;
21 2 -
2 520
g °
] s 215
i* it 4 %
i : g_m g1
g g
< =z
L) 0 . 20
1 E (Liggtrol I:l Control
| LPS+si-NC D LPS+S|-NC
G [ LPS+si-TRAF1 [ LPS+si-TRAF1
~ 600 * « H Control LPS LPS+si-NC LPS+si-TRAF1 a
—E' 1 — . 3
E *_| * —_— ] — — g — E 3
= 400 1 8
© 8 [
£ 200 g 2
@ 81
: &
o 0 1 10 10 10 : 0 10 104 10 10 ° 0 10t 10 10 0
=] CoIan_?ol TNFa DCFHOAFITCA DCFHDAFTCA DCTHOAFTCA |:| Control
1 LPS D LPS+SI—NC
[ LPS+si-NC 3 LPS+si-TRAF1
[ LPS+si-TRAF1 4
2? . . J o
[} — — *
| Control LPS+si-NC LPS+si-TRAF1 w5 E 3 f
SE: <
09 =)
> 2 =2
E=l o
=8, 2
Q » =
x o % 1
_g 4
E Control [ Control
LPS JLPS
[ LPS+si-NC [ LPS+si-NC

3 LPS+si-TRAF1 3 LPS+si-TRAF1

Fig. 2 TRAF1 silencing ameliorated LPS-induced WI-38 cell apoptosis, inflammation and oxidative stress. (A) Analysis of TRAFT mRNA expression in the
serum of IP patients (n=49) and healthy controls (N=41). (B) TRAF1 protein expression was detected in WI-38 cells induced by LPS (0, 5, 10, and 15 g/
mL). (C) The efficiency of TRAF1 knockdown was analyzed. (D-J) WI-38 cells were divided into 4 groups, including Control group, LPS group, LPS+si-NC
group, and LPS+si-TRAF1 group. (D) Analysis of cell viability. (E and F) Analysis of cell apoptosis. (G) Analysis of IL.-6 and TNF-a levels. (H and 1) Analysis of

ROS levels. (J) Analysis of MDA levels. *P < 0.05

USP7 overexpression (Fig. 3E). Moreover, we discovered
that USP7 silencing increased the levels of ubiquitinated
TRAF1 (Fig. 3F). Further, the results showed that USP7
was colocalized with TRAF1 in the cytoplasm of W1I-38
cells, and the phenomenon was weakened after USP7
silencing (Fig. 3G). Thus, USP7 induced the deubiquitina-
tion of TRAF1 in WI-38 cells.

TRAF1 overexpression attenuated USP7 silencing-induced
effects in WI-38 cells subjected to LPS treatment

The study subsequently explored the association of
TRAF1 and USP7 in regulating LPS-induced W1I-38 cell
injury. The result revealed that LPS treatment increased
USP7 protein expression in a concentration-dependent
manner (Fig. 4A). Then, the study transfected USP7

siRNA, TRAF1 overexpression plasmid, and the respec-
tive controls into WI-38 cells, followed by LPS treat-
ment. The efficiency of TRAF1 overexpression is shown
in Fig. 4B. We discovered that USP7 silencing promoted
cell viability and inhibited cell apoptosis in the cells, but
these effects were relieved after TRAF1 overexpression
(Fig. 4C-F). The results also showed TRAF1 overexpres-
sion attenuated the decreases in the levels of IL-6, TNF-
a, ROS and MDA induced by USP7 silencing (Fig. 4G-L).
Thus, USP7 silencing protected against LPS-induced cell
apoptosis, inflammation and oxidative stress by regulat-
ing TRAF1 expression.
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SP1 transcriptionally activated TRAF1 in WI-38 cells
Through the prediction of the jaspar database, we dis-
covered that the promoter region of the TRAF1 mRNA
contained two binding sequences (site 1 and site 2) of
SP1 (Fig. 5A). The ChIP assay showed that site 1-con-
taining DNA fragment was significantly enriched by the
SP1 antibody (Fig. 5B). Subsequently, the study trans-
fected TRAF1 reporter plasmids into WI-38 cells with
SP1 siRNAs (si-SP1, si-SP1#1, and si-SP1#2) or si-NC and
detected the luciferase activity of the cells. As shown in
Fig. 5C and Figure S1C, the efficiency of SP1 siRNAs in
reducing SP1 expression was analyzed by western blot-
ting assay. si-SP1 was chosen for the following study due
to its highest inhibitory effect. The co-transfection of
si-SP1 with WT-TRAF1 significantly inhibited the lucif-
erase activity, however, the co-transfection of SP1 siRNA
with MUT-TRAF1 did not affect the luciferase activity
(Fig. 5D). In addition, the result showed that SP1 expres-
sion was upregulated and was positively correlated with
TRAF1 expression in the serum of IP patients (Fig. 5E
and F). Moreover, TRAF1 protein expression was inhib-
ited after SP1 knockdown (Fig. 5G). Thus, SP1 induced
the transcriptional activation of TRAF1 in WI-38 cells.

TRAF1 silencing ameliorated the lung injury of LPS-
induced rats

The protective effect of TRAF1 silencing against WI1-38
cell injury was further identified through a rat model.

To achieve this, the study administrated rats with ade-
novirus stably expressing TRAF1 shRNA or sh-NC and
then treated with LPS. Through the HE staining analysis
(Fig. 6A), we discovered that the lung tissue in the control
group exhibited normal cell structure, with intact alveoli
and bronchi, and no infiltration of inflammatory cells.
By comparison, the model group displayed significantly
thickened alveolar walls, loss of alveolar structure, and a
substantial infiltration of inflammatory cells. In contrast
to the model group, the Ad-sh-TRAF1 treatment group
showed some degree of improvement, with less thicken-
ing of the alveolar walls, a more preserved alveolar struc-
ture, and a reduced level of inflammatory infiltration. In
addition, the Massion staining result showed that in com-
parison with the control group, the LPS group exhibited
thickened alveolar walls, and there was a visible accumu-
lation of collagen around them. This condition was ame-
liorated after treatment with Ad-sh-TRAF1 (Fig. 6A). The
analysis for lung injury score is shown in Fig. 6B. We also
observed that LPS treatment increased the ratio of lung
W/D, promoted MPO activity and increased the levels
of IL-6, TNF-a and TRAF1, whereas these effects were
relieved after TRAF1 silencing (Fig. 6C-F). Thus, TRAF1
silencing protected against LPS-induced lung injury of
rate.
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Discussion

The primary methods for treating IP currently include
antiviral, antibacterial, as well as symptomatic support-
ive treatments [18]. However, due to the prolonged and
excessive use of antibiotics, pathogenic bacteria have
gradually become resistant, which not only makes the
treatment of the disease more difficult but also increases
the risk of treatment failure [19]. Therefore, further
understanding the underlying mechanisms of IP is essen-
tial for the treatment of IP. LPS is a major endotoxin
component in the cell walls of Gram-negative bacteria,
and it plays a critical role in inflammatory responses.
Recent studies have found that LPS can significantly

stimulate various types of cells, including monocytes,
macrophages, and endothelial cells, to produce a large
amount of chemokines and inflammatory factors. The
high expression of these chemokines and inflammatory
factors leads to the intensification of local inflammatory
responses, which in turn triggers a series of pathologi-
cal changes [20, 21]. Therefore, LPS is often used as an
important tool in the study of various inflammatory dis-
eases, including IP, to induce cell inflammation models.
The study analyzed the role of TRAF1 in IP using LPS-
induced WI-38 cells and LPS-stimulated rats as well
as the underlying mechanism. The study showed that
TRAF1 silencing ameliorated LPS-induced WI-38 injury
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and lung injury of rats, and the mechanism involved the
regulation of USP7 and SP1 in its expression.

Previous evidence has shown that TRAF1 aggra-
vates LPS-induced human bronchial epithelial cell
apoptosis and inflammation through interaction with
circ_0038467 and miR-545-3p in neonatal pneumo-
nia [22]. We analyzed its role in IP using LPS-induced
WI-38 cells and LPS-induced rats. Herein, we discovered
that TRAF1 expression was upregulated in the serum of
IP patients and LPS-induced W1I-38 cells. Similar to the

above-mentioned papers, our study reported its pro-
moting effects on IP progression. We discovered that its
knockdown attenuated LPS-induced promoting effects
on WI-38 cell apoptosis, inflammation and oxidative
stress. Moreover, TRAF1 silencing also ameliorated LPS-
induced lung injury in rats. As reported, LPS treatment
increased TRAF1 expression, and TRAF]1 silencing pro-
tected Ana-1 murine macrophages against LPS-induced
inflammation by inactivating the AKT and nuclear factor
kappa B (NF-Kb) signaling [23]. Another paper revealed
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that TRAF1 activated c-Jun N-terminal kinase (JNK)
pathway to aggravate LPS-induced lung injury [24]. Col-
lectively, the above data indicated that TRAF1 exacer-
bated the progression of IP by regulating the AKT and
NF-«B signaling as well as JNK pathway.

Our research demonstrated that USP7, known for its
role in protein stabilization, enhanced the expression of
TRAF1. As previously documented, USP7 interacted
with MAPK14, thereby playing a role in the regulatory
mechanisms of esculin in the context of LPS-induced
pneumonia [11]. Our data extended these findings by
showing that the knockdown of USP7 improved LPS-
induced apoptosis, inflammation, and oxidative stress
through the regulation of TRAF1 in WI-38 cells. Fur-
thermore, our study revealed that SP1, a transcription
factor, stabilized TRAF1 mRNA expression. This is par-
ticularly relevant in the context of mycoplasma pneu-
moniae infection, which has been shown to induce SP1
phosphorylation, leading to a decrease in RECK expres-
sion and subsequent promotion of matrix metallopro-
teinase-9 (MMP-9) secretion [25]. Our data also showed
an upregulation of SP1 expression in the serum of IP
patients, suggesting a potential role for SP1 in the dis-
ease’s progression. Moreover, we found that SP1 bound
to the promoter region of TRAF1, thereby inducing its
mRNA expression. In comparing our findings with previ-
ous studies, our work provides a more detailed molecular
mechanism linking TRAF1 activation to the exacerbation
of IP, specifically through the USP7/SP1 axis. This adds
a layer of complexity to our understanding of the patho-
physiology of the disease and opens up new avenues for
therapeutic intervention.

The present work has several limitations that should
be acknowledged. Firstly, the study was conducted in
vitro using cell lines and in vivo using a rat model, which
may not fully recapitulate the complex pathophysiology
of IP in humans. In the case of IP, the immune system of
infants is very different from that of rats or cell lines in
terms of development, immune response, and suscep-
tibility to pathogens. The differences in lung structure,
immune system maturity, and the way infants interact
with their environment compared to adult rats could
limit the translation of findings to a clinical setting. This
means that while the mechanisms observed may be bio-
logically relevant, their actual contribution to the dis-
ease in humans might be different. Thus, the findings
may require further validation in clinical studies involv-
ing human subjects. Additionally, the study focused
on the role of TRAF1, USP7, and SP1, but the interac-
tion with other molecular pathways and the broader
immune response to LPS could also influence disease
severity and may not have been fully explored. Without
exploring these interactions, the true contribution of
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TRAF1 to pneumonia severity might be overestimated or
underestimated.

The study provides evidence that the activation of
TRAF1 by the USP7/SP1 axis contributes to the exacer-
bation of IP severity. The findings suggest that modulat-
ing the activity of TRAF1, USP7, and SP1 could provide
a novel approach for managing this common and poten-
tially severe respiratory infection in infants. Specifically,
the application of antisense oligonucleotides or inhibitors
directed against USP7 (such as P5091 and HBX 19818)
and SP1 (like mithramycin A) could facilitate the degra-
dation of TRAF1, thereby reducing the severity of IP.
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