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KEYWORDS Abstract Protein post-translational modifications (PTMs) are at the heart status of cellular
CD147 di- signaling events and broadly involved in tumor progression. CD147 is a tumor biomarker with
methylation; various PTMs, promoting tumor metastasis and metabolism reprogramming. Nevertheless,
Cell apoptosis; the relationship between the PTMs of CD147 and apoptosis has not been reported. In our study,
FOSB; we produced a specific anti-CD147-K71 di-methylation (CD147-K71me2) antibody by immu-
Non-small cell lung nizing with a di-methylated peptide and observed that the level of CD147-K71me2 in non-small
cancer; cell lung cancer (NSCLC) tissues were lower than that in NSCLC adjacent tissues. SETDB1 was
SETDB1 identified as the methyltransferase catalyzing CD147 to generate CD147-K71me2. RNA-seq

showed that FOSB was the most significant differentially expressed gene (DEG) between
wild-type CD147 (CD147-WT) and K71-mutant CD147 (CD147-K71R) groups. Subsequently, we
found that CD147-K71me2 promoted the expression of FOSB by enhancing the phosphorylation
of p38, leading to tumor cell apoptosis. In vivo experiments showed that CD147-K71me?2 signif-
icantly inhibited tumor progression by promoting cell apoptosis. Taken together, our findings
indicate the inhibitory role of CD147-K71me2 in tumor progression from the perspective of
post-translational modification, which is distinct from the pro-cancer function of CD147 itself,
broadening our perspective on tumor-associated antigen CD147.
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Introduction

Resisting cell death is one of the hallmarks of cancers.” As a
common form of cell death, cell apoptosis is closely related
to tumor progression in addition to some physiological
processes including embryonic development and clearance
of senescent cells.? Tumor cells usually resist cell apoptosis
through various routes, such as the disrupted balance be-
tween pro-apoptotic and anti-apoptotic proteins, impaired
death receptor signaling, and reduced caspase activity.>’
Given the importance of apoptosis in tumor progression,
the strategies for cancer treatment targeting apoptotic
defects have been approved in clinical application. Small
molecule inhibitors of anti-apoptotic protein Bcl-2 show
safety and efficacy in patients with acute myeloid leuke-
mia, chronic lymphocytic leukemia, and mantle-cell
lymphoma.® "° Hence, it is necessary to explore the
mechanism of tumor cell apoptosis, providing a more
theoretical basis for tumor therapy targeting apoptosis
routes.

Protein post-translational modifications (PTMs), which
include phosphorylation, methylation, ubiquitination, and
acetylation,”" draw more and more attention owing to
their crucial roles in tumor proliferation, metastasis,
metabolism reprogramming, and immune escape.'? "¢ It is
reported that methylation, a common PTM in malighant
tumors, participates in the regulation of tumor cell
apoptosis. Methyltransferase Set9-mediated E2F1-K185
methylation prevents the activation of its proapoptotic
target gene and accelerates tumor progression.'” The
methylation of H3K9 catalyzed by methyltransferase
SETDB1 facilitates p53-dependent apoptosis by repressing
APAK.'® Tazemetostat, an EZH2 inhibitor, decreases
effectively the tri-methylation level of H3K27 and inhibits
the progression of pediatric malignant rhabdoid tumors by
inducing cell apoptosis.'’

CD147, also known as extracellular matrix metal-
loproteinase inducing factor, contributes to tumor pro-
gression by various approaches, including resisting cell
apoptosis.”®?" In our previous study, we have identified di-
methylations of CD147 at different lysine residues, and the
di-methylation of CD147-K234 promotes non-small cell lung
cancer (NSCLC) progression by enhancing glycolysis and
lactate export of tumor cells.?> However, the relationship
between CD147 di-methylation and tumor cell apoptosis
remains unclear.

Our study found low CD147-K71me2 levels in NSCLC tis-
sues compared with adjacent tissues. Methyltransferase
SETDB1-mediated CD147-K71me2 facilitates tumor cell
apoptosis by enhancing FOSB expression, which inhibits
tumor progression. Our study reveals the relationship be-
tween CD147 di-methylation and tumor cell apoptosis and
provides novel insight for understanding NSCLC pathogen-
esis from the perspective of PTMs.

Materials and methods
Non-small cell lung cancer tissues

NSCLC and their adjacent tissues (n = 28) were collected
from Tangdu Hospital of Forth Military Medical University.

The clinicopathological parameters of the NSCLC in-
dividuals are shown in Table 1.

Cell culture

The cell lines were obtained from the American Type
Culture Collection (A549) and the Cell bank of the Chinese
Academy of Sciences (NCI-H460 and HEK293T), which
were cultured in an incubator with 5% CO, at 37 °C. The
culture medium was RPMI 1640 medium containing 10%
fetal bovine serum, 2% L-glutamine, and 1% penicillin/
streptomycin.

Construction of stable cell lines

The lentivirus16 for CD147 silencing was previously con-
structed by our laboratory,?* which was used to construct
CD147 knockdown cell lines (A549/H460-shCD147). The
lentiviruses encoding wild-type CD147 and mutant CD147
(CD147-K71R) genes (GENECHEM, China) were transfected
into A549/H460-shCD147 cell lines to generate wild-type
CD147 (A549/H460-rCD147-WT) and mutant CD147 (A549/
H460-rCD147-K71R) cell lines, respectively. All the stable
cell lines were screened with 5 png/mL puromycin after 48-h
transfection.

Plasmids

The plasmid pcDNA3.1-CD147 was constructed by inserting
CD147 gene into pcDNA3.1 vector.”* The pcDNA3.1-CD147-
K71R plasmid was generated from the pcDNA3.1-CD147
plasmid by a Fast Site-Directed Mutagenesis Kit (KM101,

Table 1  The clinicopathological parameters of individuals
with NSCLC.
Parameters N
Gender
Male 21
Female 7
Pathological subtype
Lung adenocarcinoma 12
Lung squamous cell carcinoma 11
Adenosquamous carcinoma 5
T staging
T14+T2 15
T3+T4 13
N staging
NO 13
N1-+N2+N3 15
M staging
MO 28
M1 0
AJCC staging
1+11 14
1V 14
Total 28
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TIANGEN). The plasmid SETDB1 was constructed by cloning
SETDB1 gene (NM_001145415.1) into pcDNA3.1 (+)-C-DYK
vector (GenScript, China).

Gene overexpression and silence

The cells were transfected with siRNA or plasmids using a
jetPRIME transfection kit (PT-114-15, Polyplus, France)
according to the manufacturer’s instructions. The se-
quences for siRNA are listed in Table S1.

Western blot and dot blot

The cells and NSCLC tissues were lysed with RIPA lysis
buffer (PO013B, Beyotime, China) containing phenyl-
methanesulfonyl fluoride (ST505, Beyotime, China) and
phosphatase inhibitor (4693159001, Roche, Switzerland)
and protein quantitation was conducted with the BCA pro-
tein assay kit (23227, Thermo Scientific, USA). The protein
samples were subjected to different concentrations of SDS-
PAGE gel electrophoresis and then transferred onto PVDF
membranes (IPVH00010, Millipore, USA). After being
blocked with 5% bovine serum albumin for 1 h at room
temperature, the membranes were incubated at 4 °C
overnight with the corresponding primary antibodies. The
images were obtained with a Gel Doc EZ Imager (BIO-RAD)
after incubation with secondary HRP-labeled antibodies for
1 h at room temperature. The data were analyzed by Image
Lab software (BIO-RAD). The NC membranes were used to
perform the dot blot assay. The peptides (Table S2) used in
dot blot were synthesized by ChinaPeptides (Shanghai,
China) and CHINESE PEPTIDE (Hangzhou, China). The anti-
bodies used in Western blot are listed as follows: anti-
CD147 (HAb18; produced in our laboratory; dilution
1:3000), anti-CD147-K71me2 (ABclonal; dilution 1:2000),
anti-Tubulin (Proteintech; dilution 1:5000), anti-B actin
(HUABio; dilution 1:5000), anti-SETDB1 (Proteintech; dilu-
tion 1:2000), anti-FOSB (CST; dilution 1:2000), anti-JNK
(CST; dilution 1:1000), anti-p-JNK (CST; dilution 1:1000),
anti-P38 (HUABio; dilution 1:2000), anti-p-p38 (HUABio;
dilution 1:2000), anti-ERK1/2 (HUABio; dilution 1:2000),
anti-p-ERK1/2 (CST; dilution 1:2000), anti-Caspase3 (Pro-
teintech; dilution 1:2000), anti-Bax (Proteintech; dilution
1:10,000), anti-Bcl2 (Proteintech; dilution 1:5000), HRP-
Goat anti-mouse IgG (H+L) secondary antibody (Thermo
Fisher Scientific (31430); dilution 1:5000), HRP-Goat anti-
rabbit 1gG (H+L) secondary antibody (Thermo Fisher Sci-
entific (31460); dilution 1:5000). In dot blot assay, the
dilution ratios for anti-CD147-K71me2 antibody were 1:200,
1:400, 1:800, 1:1600, 1:3200, 1:6400, 1:12,800, 1:25,600,
and 1:51,200.

Real-time quantitative PCR

Total RNA was extracted with Total RNA Kit 1l (D6934-01,
OMEGA-BIO-TEK, USA) and transcribed into cDNA with
PrimeScript™ RT Master Mix Kit (RRO36A, Takara, Japan)
according to the manufacturers’ instructions. Real-time
quantitative PCR was performed with TB Green® Premix Ex
Tag™ Il (RR820A, TaKaRa, Japan), and the actin gene was

used as a control. The sequences for primers are shown
inTable S3.

In vitro methyltransferase assay

The K71 peptide (1 ng) was incubated with 1 ug of SETDB1
expressed and purified from HEK293T cells in methyl-
transferase buffer (50 mM Tris—HCL pH 8.5, 100 mM NacCl,
10 mM DTT, 1 mM PMSF, 20 mM SAM) for 2—3 h at 37 °C. The
dot blot assay was conducted to detect CD147-K71me2.

Co-immunoprecipitation (Co-IP)

The Co-IP assays were performed using the Pierce Co-
Immunoprecipitation Kit (26149, Thermo Fisher Scientific,
USA) according to the manufacturer’s protocol. Anti-CD147
(HAb18) antibody was used for antibody immobilization.
The eluted samples obtained from the Co-IP assay were
analyzed by Western blot.

Immunoprecipitation (IP)

IP assay was performed using the Pierce Crosslink Immu-
noprecipitation Kit (26147, Thermo Fisher Scientific, USA)
according to the manufacturer’s protocol. Anti-CD147
(HAb18) antibody was used for antibody immobilization.
The eluted samples obtained from the IP assays were
identified by Coomassie blue staining and analyzed by
Western blot.

Specific peptide-blocking assay

Saturated CD147-K71me2 peptide was mixed with anti-
CD147-K71me2 antibody at room temperature for 30 mi.
The CD147-K71me2 peptide samples and protein samples
lysed from A549 and H460 cells were detected using the
mentioned mixture of CD147-K71me2 peptide and anti-
CD147-K71me2 antibody by dot blot and Western blot to
evaluate the specificity of anti-CD147-K71me2 antibody.

Immunofluorescence staining

For cellular immunofluorescence staining, A549 and
H460 cells were seeded onto glass dishes overnight, fixed
with 4% paraformaldehyde (AR1069, Boster, USA), and
permeabilized with 0.02% Triton X-100 (A600198-0500, BBI
Life Sciences). After being blocked with 10% goat serum,
the cells were incubated with anti-CD147 (HAb18) (dilution
1:100) and anti-SETDB1 (11231-1-AP; Proteintech; dilution
1:100) antibodies overnight at 4 °C and the corresponding
fluorescently labeled secondary antibodies (Alexa Fluor555-
labeled, highly cross-adsorbed donkey anti-rabbit IgG
(H+L) from Thermo Fisher Scientific; A-31572; dilution
1:200; Alexa Fluor488-labeled, highly cross-adsorbed
donkey anti-mouse IgG (H+L) from Thermo Fisher Scienti-
fic; A-21202; dilution 1:200) for 1 h at room temperature
sequentially. A confocal fluorescence microscope (Nikon)
was used to evaluate the co-localization of CD147 and
SETDB1. For NSCLC tissue immunofluorescence staining,
paraffin sections were dewaxed, followed by antigen
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retrieval in citrate repairing buffer (10 umol/L, pH 6.0).
The subsequent steps were consistent with the method
used for cellular immunofluorescence staining.

Cell counting kit-8 (CCK-8) assay

Cell proliferation was analyzed using a CCK-8 kit (C0005,
Topscience, USA). The cells (2000 cells per well) were
seeded into 96-well plates and detected with CCK-8 re-
agent at 0 h, 24 h, 48 h, 72 h, and 96 h using a microplate
reader (optical density = 450 nm).

Flow cytometric analysis of cell apoptosis

The percentage of apoptotic cells was detected by the
commercial kits (APC Annexin V Apoptosis Detection Kit
with Pl, 640932; FITC Annexin V Apoptosis Detection Kit
with Pl, 640914, Biolegend, USA). The corresponding cells
were stimulated by cisplatin (4 ug/mL) for 48 h and
collected for flow cytometry according to the manufac-
turer’s protocols. The percentage of apoptotic cells was
analyzed using a FACSCalibur flow cytometer (BD Bio-
sciences, USA).

In vivo experiments

The animal study was approved by the Institutional Animal
Care and Use Committee of the National Translational Sci-
ence Center for Molecular Medicine. BALB/c nude mice (6
weeks, female) purchased from Beijing Vital River Labora-
tory Animal Technologies were randomized into two groups
(n = 8 per group) and subcutaneously rejected with A549-
rCD147-WT and A549-rCD147-K234R cells (2 x 107 cells/mL
in 0.1 mL medium), respectively. After 3—4 weeks, the
tumor masses were removed from the mouse body to
measure the tumor weight and volume. The tumor tissues
were used to make tissue sections for TUNEL assay and
immunohistochemistry staining. The rest of the tissues
were used to perform Western blot assays.

TUNEL assay

Paraffin sections from mouse tumor tissue were used for
the TUNEL assays. The Apoptosis Assay Kit (ab206386,
Abcam, UK) was used to evaluate the apoptosis of tumor
tissues according to the manufacturer’s instructions. The
data were collected using a Nikon microscope. For each
tissue, three random fields were selected and evaluated by
ImageJ.

Immunohistochemistry analysis

Paraffin sections from mouse tumor tissue were used for
immunohistochemistry analysis. Paraffin sections were
dewaxed, followed by antigen retrieval in citrate repairing
buffer (10 umol/L, pH 6.0). After being soaked in methanol
containing 3% hydrogen peroxide for 10 min, the sections
were washed with PBS for 15 min, blocked using 10% goat
serum for 20 min, and incubated with anti-Ki-67 (ab16667;
Abcam, UK; dilution 1:200) and anti-Bcl2 (12789-1-AP;

Proteintech, China; dilution 1:200) antibodies overnight at
4 °C. Immunoperoxidase staining was conducted using a
General SP kit (SP-9000, ZSGB-BIO, China), and the sections
were treated with 3,3'-diaminobenzidine (ZLI-9019, ZSGB-
BIO, China) to detect the target proteins. The intensity and
density of positive cells were evaluated by ImageJ. The
statistical analysis was conducted according to the method
used in the TUNEL assay.

RNA-seq

RNA-Seq was performed by Singerleron. A549-CD147-WT
and A549-CD147-K71R overexpressing cells were lysed using
Trizol and sent to Singerleron, and the data were analyzed,
including GO analysis and KEGG pathway analysis.

Statistical analysis

All statistical data were performed using GraphPad Prism
V9.0. These experiments were performed in triplicate.
Statistical analyses were performed using two-way ANOVA
and unpaired t-test with or without Welch’s correction. P
values < 0.05 were considered statistically significant.

Results

The generation of anti-CD147-K71me2 antibody
and identification of CD147-K71me2 in NSCLC

Protein methylation is involved in tumor progression; it
has been verified that the tumor-associated antigen CD147
has various di-methylations at different lysine residues, in
which the occurrence of CD147-K71me2 is relatively
high.?? However, the effect of this modification on NSCLC
progression has not been uncovered. In order to effec-
tively identify the level of CD147-K71me2, we generated a
specific rabbit polyclonal antibody against this modifica-
tion according to the procedure (Fig. 1A) and subsequently
verified the specificity of the antibody. The result showed
the antibody against CD147-K71me2 had a higher affinity
for peptide K71me2 than peptide K71 and did not recog-
nize peptides K148me2 and K234me2 (Fig. 1B). Meanwhile,
specific peptide blocking assay showed a decreasing
recognition effect on CD147-K71me2 in A549 and
H460 cells and CD147-K71me2 peptide upon incubation
with the mixture of CD147-K71me2 peptide and anti-
CD147-K71me2 antibody, compared to anti-CD147-K71me2
antibody alone (Fig. S1A, B). The CD147 purified from
A549 cells was identified by Coomassie blue staining
(Fig. 1C), and detected by a pan-anti-di-methylated-lysine
antibody (pan-DM) and anti-CD147-K71me2 antibody
(Fig. 1D). Moreover, dot blot was used to find out the
effective dilution ratio of the anti-CD147-K71me2 anti-
body, which showed the better distinction between pep-
tide K71me2 and peptide K71 at 1:1600 dilution ratio
(Fig. 1E). We also compared the CD147-K71me2 of His-
CD147 expressed from prokaryotic expression system and
H460 cells and found that CD147-K71me2 level in
H460 cells was higher than that of His-CD147 (Fig. 1F).
Meanwhile, CD147-WT and CD147-K71R were
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Figure 1 The generation of anti-CD147-K71me2 antibody and identification of CD147-K71me2 in NSCLC. (A) The procedure of

generating a specific anti-CD147-K71me2 antibody. (B) The specificity of the anti-CD147-K71me2 antibody was verified using dot

blot. K71, K71me2, K148me2, and K234me2 were synthetic CD147

peptides. (C) The CD147 protein purified from A549 cells was

identified by Coomassie blue staining. (D) The di-methylation modifications of purified CD147 were identified by Western blot using
a pan-anti-di-methylated-lysine antibody (pan-DM) and anti-CD147-K71me2 antibody. (E, F) The specificity of the anti-CD147-
K71me2 antibody was verified using dot blot (E) and Western blot (F). (G) The level of CD147-K71me2 in A549/H460-rCD147-WT and

A549/H460-rCD147-K71R cells was detected by the anti-CD147-K71

me2 antibody. (H, 1) The level of CD147, CD147-K71me2, and

CD147-K234me2 in NSCLC tissues (T; n = 28) and adjacent tissues (A; n = 28) was evaluated using the corresponding antibodies by
Western blot (H), and statistical analysis was conducted (l). Data were presented as mean + SEM (***P < 0.001, *P < 0.05).

overexpressed in A549/H460-shCD147 cells (Fig. S2A, B) to
generate A549/H460-rCD147-WT and A549/H460-rCD147-
K71R cell lines (Fig. S2C, D). The CD147-K71me2 level was
detected in A549/H460-rCD147-WT and A549/H460-
rCD147-K71R cells, and the result showed CD147-K71me2
level in A549/H460-rCD147-K71R cells decreased markedly
compared with A549/H460-rCD147-WT cells (Fig. 1G).
Subsequently, we evaluated the CD147, CD147-K71me2,
and CD147-K234me2 levels of 28 NSCLC tissues and their

adjacent tissues, and observed that the CD147-K71me2
level of NSCLC tissues was lower than that of corre-
sponding adjacent tissues, which is distinct from the high
expression level of CD147 and CD147-K234me2 in tumor
tissues (Fig. 1H, I; Fig. $3).2225 These findings indicate
that we successfully generate a specific antibody targeting
CD147-K71me2, and verify the low level of CD147-K71me2
in NSCLC tissues, indicating CD147-K71me2 may be nega-
tively correlated with NSCLC progression.
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The methyltransferase SETDB1 catalyzes CD147 to
generate CD147-K71me2

Various methyltransferases are responsible for the genera-
tion of different protein methylations, increasing protein
diversity. To screen the possible methyltransferase that

including SETD7, SETDB1, NSD1, NSD2, SETD1A, SUV39H2,
G9A, SETD6, and EZH2. Different methyltransferases were
knocked down in A549 and H460 cells respectively, which
has little influence on the mRNA level of CD147 (Fig. 2A—I;
Fig. S4A—1). We subsequently detected the level of CD147-
K71me2 in the above cells, and the result showed that

catalyzes CD147-K71, we generated a siRNA library CD147-K71me2 level decreased obviously in SETDB1
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Figure 2

SETDB1 is identified as the methyltransferase catalyzing CD147 to generate CD147-K71me2. (A—Il) The mRNA levels of

CD147 and different methyltransferases in A549 cells were detected after siRNA transfection by q-PCR, and statistical analysis was
conducted from three independent experiments. Data were presented as mean + SEM (***P < 0.001, **P < 0.01; ns: no signifi-
cance). (J) The CD147-K71me2 level in A549 cells was evaluated after siRNA transfection by the anti-CD147-K71me2 antibody.
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three independent experiments (G). Data were presented as mean + SEM (**P < 0.01, *P < 0.05; ns: no significance). (H, 1) The
CD147-K71me2 level was detected in SETDB1 overexpressing A549/H460-rCD147-WT and A549/H460-rCD147-K71R cells by Western
blot (H), and statistical analysis was conducted using data from three independent experiments (I). Data were presented as
mean + SEM (*P < 0.05; ns: no significance).
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knockdown cells, while no difference was observed in other
groups (Fig. 2J; Fig. S4J, 5A—Il). These above results indi-
cate that SETDB1 is a candidate methyltransferase for
CD147-K71.

To further verify the above findings, the co-IP assay was
performed, which showed an interaction between CD147
and SETDB1 in A549 and H460 cells (Fig. 3A). Meanwhile,
the co-localization between CD147 and SETDB1 was
observed in A549 and H460 cells (Fig. 3B) and NSCLC tissue
(Fig. 3C). Subsequently, we performed co-IP using A549-
rCD147-WT and A549-rCD147-K71R cells, and the result
showed that the interaction between CD147 and SETDB1
decreased in CD147 mutant cells compared to CD147 wild-
type cells (Fig. 3D). The same result was observed in H460-
rCD147-WT and H460-rCD147-K71R cells (Fig. 3D). Further-
more, in vitro methyltransferase assay showed that SETDB1
catalyzed K71 peptide to generate the di-methylation of
K71 (Fig. 3E). We also overexpressed SETDB1 in A549, H460,
and HEK293T cells, and found that increased SETDB1
enhanced the level of CD147-K71me2 (Fig. 3F, G), while
overexpressing SETDB1 in mutant CD147 groups had no
obvious effect on CD147-K71me2 level compared to wild-
type CD147 groups (Fig. 3H, ). These above results
demonstrate that the methyltransferase SETDB1 catalyzes
CD147 to generate CD147-K71me2.

CD147-K71me2 up-regulates FOSB expression and
promotes tumor cell apoptosis

To explore the role of CD147-K71me2 in NSCLC progression,
we performed RNA-seq using A549-CD147-WT and A549-
CD147-K71R cells, and genes were identified as differen-
tially expressed genes (DEGs) if fold change cp147-k71r/cp147-
wr) > 1.2 0or < 0.83 and FDR < 0.05. The results showed that
59 up-regulated genes and 218 down-regulated genes were
identified in the mutant CD147 group compared to the wild-
type CD147 group (Fig. 4A). Among these DEGs, FOSB was
identified as the most significant DEG, and validated by g-
PCR and Western blot (Fig. 4B, C). Furthermore, we con-
ducted a KEGG analysis on the DEGs, and the result showed
that the DEGs were closely related to several tumor-asso-
ciated pathways, including “IL-17 signaling pathway”, “TNF
signaling pathway”, “MAPK signaling pathway”, “NF-kappa
B signaling pathway”, and “Apoptosis” (Fig. 4D). FOSB has
been identified as a subunit of activator protein 1 (AP-1),
which participated in cell proliferation and apoptosis.Z®
Subsequently, we evaluated cell proliferation between the
wild-type CD147 group and the mutant CD147 group, and
the results showed that no statistical difference was shown
between both groups (Fig. S6A, B). Thus, we analyzed the
DEGs enriched in apoptosis and found that the expression
level of pro-apoptotic protein Bax in the CD147-K71R group
was lower compared with the CD147-WT group, while the
expression level of anti-apoptotic protein Bcl2 showed the
opposite trend (Fig. 4E). These findings suggest that CD147
up-regulates the FOSB expression level and may contribute
to cell apoptosis. To validate the role of CD147-K71me2 in
cell apoptosis, we constructed plasmid pcDNA3.1-CD147-
K71R based on the plasmid pcDNA3.1-CD147-WT and the
two plasmids were transfected into A549 and H460 cells
(Fig. 4F, G). Then, flow cytometry was performed to

evaluate the percentage of apoptotic cells after 48-h
stimulation of cisplatin. The results showed that the per-
centage of apoptotic cells in the mutant group decreased
significantly compared with the wild-type CD147 group
(Fig. 4H, I). Meanwhile, we detected the expression level of
Bcl2, Bax, and cleaved caspase 3, and observed that the
expression level of Bax and cleaved caspase 3 in the mutant
group decreased compared to the wild-type group, while
the expression level of Bcl2 showed an increasing trend in
the mutant group (Fig. 4J, K). These above results indicate
that CD147-K71me2 promotes NSCLC cell apoptosis.

CD147-K71me2 promotes cell apoptosis through
p38 signaling pathway

MAPK signaling pathways play a crucial role in cell apoptosis
through AP-1.2%?7 Thus, we detected the activation of
MAPK signaling pathways and observed that only the phos-
phorylation of p38 was down-regulated in the CD147
mutant cells, while the phosphorylation of ERK1/2 and JNK
did not change compared to CD147 wild-type cells (Fig. 5A,
B). Subsequently, we detected the percentage of apoptotic
cells in the wild-type and mutant groups after adding p38
inhibitor (SB203580) under the stimulation of cisplatin, and
observed a more significant decrease in the percentage of
apoptotic cells in the wild-type group after adding p38 in-
hibitor compared to the mutant group (Fig. 5C—F), indi-
cating that CD147-K71me2 promoted cell apoptosis through
p38 signaling pathway. Furthermore, we detected the
expression level of FOSB after adding p38 inhibitor in
A549 cells, and the results showed that FOSB expression
decreased in the wild-type group, while no change was
found in the mutant group (Fig. 6A). To explore the role of
FOSB, we knocked down FOSB in A549 cells, and the results
showed that FOSB was knock-downed successfully using
corresponding siRNAs (Fig. 6B). Then, we detected the
percentage of apoptotic cells in the wild-type and mutant
groups after transfection with FOSB siRNA-1 and siRNA-2
under the stimulation of cisplatin, and a more significant
decrease in the percentage of apoptotic cells in wild-type
group compared to the mutant group (Fig. 6C, D). Mean-
while, we detected the expression level of Bcl2 by Western
blot after siRNA transfection targeting FOSB in A549 cells,
and found that the Bcl2 level increased upon siRNA trans-
fection (Fig. 6E). These above results indicate that CD147-
K71me2 up-regulates the expression level of FOSB through
p38 signaling pathway, contributing to cell apoptosis.

CD147-K71me2 inhibits NSCLC progression by
promoting cell apoptosis

To further validate the role of CD147-K71me2 in NSCLC
progression, in vivo experiment was conducted by injecting
A549-rCD147-WT and A549-rCD147-K71R cells into nude
mice (Fig. 7A). Then, we measured the volume and weight
of the tumors, and found that the volume in mutant CD147
group was bigger than that in wild-type CD147 group
(Fig. 7B). We also observed a heavier weight in mutant
CD147 group compared to wild-type CD147 group (Fig. 7C).
Subsequently, we detected the level of CD147-K71me2,
FOSB, Bcl2, Bax, and p38, and the phosphorylation level of
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Figure 5 (CD147-K71me2 promotes cell apoptosis through p38 signaling pathway. (A, B) The activation of three typical MAPK
signaling pathways was detected in A549/H460-rCD147-WT and A549/H460-rCD147-K71R cells (A) and statistical analysis was
conducted using data from three independent experiments (B). Data were presented as mean + SEM (**P < 0.01, *P < 0.05; ns: no
significance). (C, D) The percentage of apoptotic cells in A549-CD147-WT and A549-CD147-K71R cells was evaluated after adding
p38 inhibitor (5B203580) under the stimulation of cisplatin (C) and statistical analysis was conducted using data from three in-
dependent experiments (D). Data were presented as mean + SEM (***P < 0.001). An equal amount of DMSO was added as a control.
(E, F) The percentage of apoptotic cells in H460-CD147-WT and H460-CD147-K71R cells was evaluated after adding a p38 inhibitor
(SB203580) under the stimulation of cisplatin (E) and statistical analysis was conducted using data from three independent ex-
periments (F). Data were presented as mean + SEM (***P < 0.001). An equal amount of DMSO was added as a control.
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Figure 6

CD147-K71me2 promotes cell apoptosis through the regulation of FOSB. (A) FOSB expression level in A549-rCD147-WT and

A549-rCD147-K71R cells was detected after adding a p38 inhibitor (5B203580). An equal amount of DMSO was added as a control. (B)
FOSB expression level was detected after FOSB siRNA transfection in A549 cells by Western blot. (C, D) The percentage of apoptotic
cells in A549-CD147-WT and A549-CD147-K71R cells was evaluated after FOSB siRNA transfection under the stimulation of cisplatin (C)
and statistical analysis was conducted using data from three independent experiments (D). Data were presented as mean + SEM
(***P < 0.001). (E) Bcl2 expression level was detected in A549 cells after siRNA transfection targeting FOSB by Western blot.

p38 in tumor tissues. We observed that the level of FOSB, p-
p38, and Bax decreased with the down-regulated expres-
sion level of CD147-K71me2 in the mutant CD147 group,
while Bcl2 showed an increasing trend (Fig. 7D). These re-
sults were consistent with the findings in the cellular ex-
periments. Meanwhile, we evaluated the apoptotic level in
tumors and found that the apoptotic level in the wild-type
CD147 group was higher than that in the mutant CD147
group (Fig. 7E, F). Furthermore, we evaluated the expres-
sion level of Bcl2 by immunohistochemistry and found that
the expression level of Bcl2 in the mutant group was higher
than that in the wild-type group (Fig. 7G, H). These above
results indicate that CD147-K71me2 inhibits NSCLC pro-
gression by promoting tumor cell apoptosis (Fig. 8).

Discussion

PTMs are crucial for tumor progression,?® owing to their
important roles in regulating gene transcription and
changing protein functions. Protein methylation is an
important PTM, including histone methylation and non-
histone methylation.?’ With the development of mass
spectrometry technology, non-histone methylation attracts

increasing attention because of its profound influence on
tumor progression. 3%

The tumor-associated antigen CD147 is highly
expressed in a variety of tumors,? and its PTMs partici-
pate in plenty of tumor malignant behaviors. Phosphory-
lation is an important modification of CD147, and a low
level of CD147 phosphorylation is associated with poor
prognosis in hepatocellular carcinoma by promoting
migration and invasion of tumor cells.** Di-methylations
of CD147 at different lysine residues have already been
identified in our previous work, and di-methylation of
CD147-K234 contributes to NSCLC malignant behavior by
enhancing glycolysis and lactate export.?? Nevertheless,
the role of other CD147 di-methylation in NSCLC pro-
gression remains unclear. We focus on CD147-K71me2 due
to its high occurrence and find that the level of CD147-
K71me2 is lower in NSCLC tissues than that in adjacent
tissues, which is in contrast to its high expression in
tumor tissues. RNA-seq shows that CD147-K71me2 may be
associated with cell apoptosis, and we validate that
CD147-K71me2 promotes cell apoptosis by detecting the
percentage of apoptotic cells in CD147-WT and CD147-
K71R cells, while CD147 promotes tumor progression by
resisting apoptosis.?%3%3> Protein methylation is crucial
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Figure 7 (CD147-K71me2 inhibits NSCLC progression by promoting cell apoptosis. (A) In vivo experiment was performed by
injecting A549-rCD147-WT and A549-rCD147-K71R cells (2 x 10° cells) into 6-week nude mice (n = 8). (B, C) Quantification of
volume (B) and weight (C) of tumor masses from nude mice. Data were presented as mean + SEM (**P < 0.01, *P < 0.05; n = 8). (D)
The expression levels of CD147-K71me2, FOSB, p38, p-p38, Bcl2, and Bax in tumor tissues were determined by Western blot. (E, F)
The apoptosis of tumor tissues was evaluated by the TUNEL assay (E) and statistical analysis was conducted using data from three
random fields of each tissue (F). Data were presented as mean + SEM (*P < 0.05; n = 24; scale bar = 100 um). (G, H) The
expression level of Bcl2 was determined by IHC staining (G) and statistical analysis was conducted using data from three random
fields of each tissue (H). Data were presented as mean + SEM (***P < 0.001; n = 24; scale bar = 100 um).
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Figure 8 Graphical abstract. Methyltransferase SETDB1-mediated CD147-K71me2 promotes FOSB expression by enhancing the

phosphorylation of p38, which inhibits NSCLC progression by promoting cell apoptosis.

for increasing protein diversity, and it may play a
different role from the substrate protein. P53-K370me1
catalyzed by SMYD2 represses the tumor suppressive
function of p53,3¢ and RelA-K310me1 catalyzed by SETD6
inhibits the activation of NF-kB-mediated inflammatory
responses through attenuating RelA-driven transcriptional
programs.>’ Hence, our findings reveal a different func-
tion of CD147 from the perspective of PTMs and may
provide a reference for the research on other protein
PTMs.

Protein methylation is catalyzed by different methyl-
transferases which are broadly divided into two groups,
protein lysine methyltransferases (PKMTs) and protein
arginine methyltransferases (PRMTs) according to the type
of modified residues.*® Methyltransferase SETDB1 is an
important PKMT and catalyzes various protein methyla-
tions, which are correlated with tumor progression. The
methylation of H3K9 catalyzed by SETDB1 is involved in
tumor progression by silencing target gene transcription.
Furthermore, the methylation of Akt catalyzed by SETDB1
promotes the oncogenic function of Akt.>*“° In our study,
we validated the interaction between CD147 and SETDB1
through co-IP and immunofluorescence assay and found
that CD147-K71me2 level was up-regulated after over-
expressing SETDB1 in A549, H460, and HEK293T cells, indi-
cating that CD147 is a novel substrate of SETDB1.

The mitogen-activated protein kinase (MAPK) signaling
pathways consist of several conventional subgroups, including
ERK1/2, JNK, and p38 signaling pathways, which regulate
various biological processes.*' MAPKs have a dual influence on
cell apoptosis through AP-1, and the cell type and stimulus
determine whether they act as activators or inhibitors.?” AP-1
is a mixture of dimers composed of the JUN family and the Fos
family or the ATF family, and the complexity of AP-1 dimers
determines the different outcomes.*? FOSB, a member of the

Fos family, induces cell apoptosis in piperlongumine-treated
cancer cells.”* In our study, we found that FOSB expression
decreased in CD147-K71R cells compared to CD147-WT cells by
an RNA-seq, validated by g-PCR and Western blot. Moreover,
FOSB expression was down-regulated and the percentage of
apoptotic cells was also decreased after adding a p38 inhibitor.
Our findings indicate that CD147-K71me2 promotes the
expression of FOSB through enhancing p38 phosphorylation,
leading to tumor cell apoptosis.

Our study shows that CD147 is a novel substrate of
methyltransferase SETDB1, which catalyzes CD147 to
generate CD147-K71me2. This di-methylation plays a
different role in regulating tumor cell apoptosis compared
to CD147 itself, which broadens our understanding of the
role of CD147 in NSCLC progression. However, the deme-
thylase of CD147-K71me2 has not been identified in our
study, and further investigation is beneficial for us to un-
derstand the role of CD147-K71me2 in NSCLC pathogenesis.

In summary, our study demonstrates that methyl-
transferase SETDB1-mediated CD147-K71me2 inhibits tumor
progression by facilitating tumor cell apoptosis, which en-
riches the role of CD147 in NSCLC progression from the
perspective of PTMs.
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