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Abstract

Background Lung cancer is one of the most frequent cancers and the leading cause of cancer-related deaths
worldwide with poor prognosis. A disintegrin and metalloproteinase with thrombospondin motifs 4 (ADAMTS4)
is crucial in the regulation of the extracellular matrix (ECM), impacting its formation, homeostasis and remodeling,
and has been linked to cancer progression. However, the specific involvement of ADAMTS4 in the development
of lung cancer remains unclear.

Methods ADAMTS4 expression was identified in human lung cancer samples by immunohistochemical (IHC)
staining and the correlation of ADAMTS4 with clinical outcome was determined. The functional impact of ADAMTS4
on malignant phenotypes of lung cancer cells was explored both in vitro and in vivo. The mechanisms underlying
ADAMTS4-mediated lung cancer progression were explored by ubiquitination-related assays.

Results Our study revealed a significant upregulation of ADAMTS4 at the protein level in lung cancer tissues com-
pared to para-carcinoma normal tissues. High ADAMTS4 expression inversely correlated with the prognosis of lung
cancer patients. Knockdown of ADAMTS4 inhibited the proliferation and migration of lung cancer cells, as well

as the tubule formation of HUVECs, while ADAMTS4 overexpression exerted opposite effects. Mechanistically, we
found that ADAMTS4 stabilized c-Myc by inhibiting its ubiquitination, thereby promoting the in vitro and in vivo
growth of lung cancer cells and inducing HUVECs tubule formation in lung cancer. In addition, our results suggested
that ADAMTS4 overexpression activated MAPK signaling pathway.

Conclusions We highlighted the promoting role of ADAMTS4 in lung cancer progression and proposed ADAMTS4
as a promising therapeutic target for lung cancer patients.
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Introduction

Lung cancer stands as one of the most frequent malig-
nancies worldwide, responsible for a staggering num-
ber of cancer-related deaths, with nearly 2 million
new cases reported annually [1]. It is categorized into
non-small-cell lung cancer (NSCLC), which comprises
approximately 85% of diagnoses, and small-cell lung
cancer (SCLC), constituting the remaining 15% [2, 3].
Advancements in comprehending the disease’s biology
and controlling tobacco consumption have significantly
contributed to reducing the incidence of lung cancer
and improving patients’ survival [4]. However, despite
these strides, lung cancer continues to afflict individu-
als who have never smoked, and diagnoses often occur
at advanced stages, hindering successful therapeutic
intervention [5]. The standard treatment protocol for
early-stage patients typically involves surgical resection
combined with adjuvant chemotherapy, albeit accom-
panied by considerable toxicities [4, 6]. Furthermore,
despite the targeted therapies and checkpoint immu-
notherapies hold promise in improving survival of both
early and late—stage lung cancer patients [7, 8], numer-
ous challenges persist. These include the modest effi-
cacy of treatments and their applicability limited to a
small subset of patients [9]. Therefore, large efforts are
warranted to identify predictive biomarkers that could
benefit a broader spectrum of lung cancer patients.

A disintegrin and metalloproteinase with throm-
bospondin motifs 4 (ADAMTS4) belongs to the zinc-
dependent proteinase family, playing a pivotal role in
the degradation of the extracellular matrix (ECM) and
contributing significantly to the formation, homeosta-
sis and remodeling of the ECM [10]. Both individual
ECM proteins and entire families of ECM proteins
serve as substrates for ADAMTS proteases [10, 11].
Mutations in ADAMTS proteases have been impli-
cated in various diseases, including dermatosparaxis
Ehlers Danlos syndrome, isolated heart valve disease,
congenital thrombotic thrombocytopenic purpura
and Alzheimer disease [12—-14]. Moreover, dysregula-
tion of ADAMTS4 has been linked to tumor progres-
sion. For instance, the upregulation of ADAMTS4 in
colorectal cancer contributes to the tumor metasta-
sis, angiogenesis and immunosuppression, potentially
serving as a potential prognostic indicator for colo-
rectal cancer [15, 16]. Similarly, ADAMTS4 is highly
expressed in patients with Ewing’s sarcoma, suggest-
ing its potential as a novel tumor maker for this type of
cancer [17]. Additionally, Rao et al. demonstrated that
both full-length ADAMTS4 and its N-terminal 53 kDa
autocatalytic fragment promote B16 melanoma growth
and angiogenesis in mice [18]. However, the biological
role of ADAMTS4 in lung cancer remains unidentified.
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Investigating the underlying mechanism of ADAMTS4
in lung cancer may offer an attractive therapeutic
target.

C-Myc encodes a transcription factor that regulates the
expression of numerous target genes involved in essen-
tial cellular processes such as proliferation, differentia-
tion, and apoptosis [19]. It consists of several functional
domains, including a basic helix-loop-helix (bHLH)
domain that mediates DNA binding, a leucine zipper
domain for dimerization with Max protein, and a trans-
activation domain responsible for activating target gene
expression [20]. The activity of c-Myc is tightly regu-
lated at multiple levels, including transcriptional, post-
transcriptional, and post-translational mechanisms [21,
22]. Aberrant activation of c-Myc, often through gene
amplification or chromosomal translocation, is associ-
ated with various cancers, where it drives abnormal cell
growth and proliferation [23-25]. C-Myc overexpression
in cancer cells correlates with poor prognosis and resist-
ance to therapy [26]. Consequently, c-Myc has emerged
as a significant therapeutic target, with ongoing efforts
to develop drugs that inhibit its activity or downstream
signaling pathways, aiming to improve treatment out-
comes for cancer patients.

In this study, we identified the upregulation of
ADAMTS4 in lung cancer, correlating with a poor prog-
nosis for patients. Moreover, ADAMTS4 was confirmed
to promote lung cancer cells proliferation and migration,
and this effect was dependent on c-Myc. Mechanisti-
cally, ADAMTS4 regulated protein stability of c-Myc by
ubiquitin—proteasome system (UPS) and activated the
MAPK signaling pathway, thereby promoting lung cancer
progression. These findings indicated a potential avenue
for targeted therapies in lung cancer by modulating the
ADAMTS4/c-Myc axis.

Materials and methods

Clinical tissue specimens and immunohistochemical (IHC)
staining analysis

The human microarray, composed of 149 lung cancer
tissues and 88 para-carcinoma normal tissues, was used
to assess expression of ADAMTS4 by IHC staining.
Detailed clinicopathologic information for each patient
was available. The process of IHC staining involved
dewaxing the embedded tissues at 65 °C, followed by
treatment with xylene and gradient alcohol. Antigen
using EDTA buffer and blocking of endogenous peroxi-
dase using 3% H,O, were then performed. The prepared
tissue slides were incubated overnight at 4 °C with pri-
mary antibody anti-ADAMTS4, followed by incubation
with the corresponding secondary antibody at 37 °C for
1 h. The specific details of the antibodies used can be
found in Table S1. Post-antibody incubation, the tissue



Zhai et al. Biology Direct (2024) 19:94

were stained with diaminobenzene (DAB), counter-
stained with hematoxylin, sealed with neutral gum, and
subjected to subsequent scoring. Two independent his-
topathologists completed the assessment of IHC stain-
ing, and the ADAMTS4 IHC score was determined as
the product of percentages of positive staining cells and
the staining intensity. The former was graded as fol-
lows: 1, 0~24%; 2, 25 ~49%; 3, 50 ~74%; 4, 75 ~ 100%,
while the latter was graded as: 0, no staining signals; 1,
light yellow; 2, pale brown; 3, seal brown. The final IHC
scores were determined as: O score (-), 1-4 scores (+),
5-8 scores (++), 9-12 scores (+++) [27].

Cell culture

The normal human lung epithelial cell BEAS-2B, along
with human lung cancer cell lines A549, NCI-H1299,
NCI-H1975, and human umbilical vascular endothe-
lial cells (HUVECs), were obtained from the American
Type Culture Collection (ATCC) (Manassas, USA).
All cell lines were cultured in DMEM medium (Gibco,
USA) supplemented with 10% fetal bovine serum (FBS)
(Gibco, USA) and 1% Penicillin/Streptomycin (100 U/
mL). The cells were maintained in a 5% CO, incubator
at 37 °C.

RNA interference and overexpression

The ADAMTS4 overexpressing vector (ADAMTS4),
ADAMTS4 silencing vector (sShADAMTS4), and c-Myc
silencing vector (shc-Myc) as well as the overexpressing
scrambling vector (NC) and silencing negative control
vector (shCtrl) were constructed according to the man-
ufacturer’s protocol. The targeted sequences of shRNAs
were shown in Table S2. The RNA interference sequence
was synthesized following a specific design and inserted
into lentiviral BR-V108 vector (YiBR, China). The plas-
mids carrying the targeted interference sequence were
then transduced into Escherichia coli (Cat. #CB104-
03, TIANGEN), and the positive cloned plasmids were
screened subsequently. Afterwards, the recombinant len-
tivirus plasmids (shADAMTS4 and shc-Myc) were gener-
ated by co-transfecting validated plasmids with pMD2.G
(Qiagen, China) and pSPAX2 (Qiagen, China) packag-
ing plasmids into HEK293T cells. Similarly, the recom-
binant lentivirus containing the amplified sequence of
ADAMTS4 (ADAMTS4 overexpression) was accom-
plished as above generation of shRNA lentivirus. For
lentiviral transfection, A549 and NCI-H1299 cells were
seeded into 6-well plate at a density of 2x10° cells per
well and then exposed to 10 pg of the indicated lentivirus.
The stable overexpressing and knockdown cell lines were
selected using puromycin, as previously described [28].
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Real-time quantitative PCR (qPCR)

The total RNA from each cellular specimen was iso-
lated using TRIzol regent (Sigma, USA), followed by
RNA quantification using Nanodrop 100 (Thermo,
USA). Subsequently, the prepared total RNA was
reverse-transcribed into ¢cDNA following the manu-
facturer’s instructions for the Hiscript QRT supermix
Kit (Vazyme, China). For the amplification of targeted
genes, 10 pL of cDNA template was added according to
the protocol of SYBR Green mastermixs Kit (Vazyme,
China) using the Biosystems 7500 Sequence Detection
system. The relative expression of targeted genes was
calculated using the 2724 method after normalization
with internal control GAPDH. Each experiment was
performed in triplicate. Primer sequences used here
were listed in Table S3.

Western blotting (WB)

Total cellular proteins were extracted using radioim-
munoprecipitation (RIPA) lysis, and their concentra-
tions were determined with the BCA Protein Assay Kit
(HyClone-Pierce, USA). The proteins were then sepa-
rated by 10% sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) (Invitrogen, USA) fol-
lowed by transferring onto polyvinylidene difluoride
(PVDF) membranes. Subsequently, the membranes
were incubated overnight at 4 °C with indicated pri-
mary antibodies, following a 1-h blocking step with 5%
slim milk. After that, the membranes were incubated
with a secondary antibody conjugated with horserad-
ish peroxidase (HRP) at 37 °C for 2 h. Protein bands
were visualized using enhanced chemiluminescence
(ECL, Millipore). GAPDH was used as a loading con-
trol. Details of all antibodies used in WB analysis are
provided in Table S1.

Cell proliferation assay

The cell viability of A549 and NCI-H1299 cells were
determined using Celigo cell counting assays and
CCK-8 assays. Following transfection with indicated
lentivirus for 48 h, the cells were harvested and seeded
into 96-well plates at a density of 2x 10° cells per well,
and then cultured for 5 consecutive days. Cell viabil-
ity was assessed by quantifying the cell number using
the Celigo image cytometer (Nexcelon Bioscience) at
indicated time points. Additionally, for CCK-8 assays,
the transfected cells were seeded into 96-well plates
at a density of 5x 10 cells per well and for 5 consecu-
tive days. Subsequently, the absorbance of the cells at
450 nm was determined by microplate reader (Thermo,
USA) after incubation with the CCK-8 solution.
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Apoptosis assay

The flow cytometry was utilized for cell apoptosis
analysis. A549 and NCI-H1299 cells, which were either
expressing ShADAMTS4 lentivirus or its negative con-
trol vector, were firstly harvested and then resuspended
in 1xPBS. Subsequently, Annexin V-APC (BD Bio-
sciences, USA) and propidium iodide (PI) was added
to the cell suspension and incubated in the dark for
15 min. Following staining, the cells were resuspended
in 1xbinding buffer and washed 3 times with 1xPBS.
Finally, the prepared cells were analyzed using fluores-
cence-activated cell sorting (FACS) with a flow cytom-
eter (Millipore, USA). The percentages of apoptotic
cells were determined as Annexin-V/PI positive stain-
ing cells.

Wound healing assay

A549 and NCI-H1299 cells expressing shADAMTS4
lentivirus or its negative control vector were collected
at 80% confluence. Subsequently, the cell density was
adjusted to 5x10* cells/mL, and 100 pL of cell suspen-
sion was added into each well of 96-well plates. The next
day, parallel scratches were made in each well using
scratch tester when cells reached 90% density. A serum-
free medium was then prepared and added to the plates
to remove exfoliated cells. After that, the cells were sup-
plemented with 0.5% FBS-containing medium for conti-
nuted cultivation until indicated time points. Finally, the
migratory distance of cells was determined using Cel-
lomics (Thermo, USA), and the migration rate was calcu-
lated based on the migratory distance.

Transwell assay

The transwell assay kit (Corning, USA) was used for
assessing ability of cell migration, and the experiments
were carried out according to its protocol. A549 and
NCI-H1299 cells transfected with shADAMTS4 lenti-
virus or its negative control vector were harvested and
re-suspended in FBS-free medium. The lower chambers
were filled with medium supplemented with 30% FBS,
while 100 pL of cell suspensions were added into the
upper chamber. After 24 h of incubation at 37 °C with 5%
CO,, the migratory cells were fixed with 4% paraform-
aldehyde for 30 min and stained with 0.1% crystal violet
for 10 min. Subsequently, migratory cells were counted
under a light microscope (Olympus, Japan) in 5 fields
selected from each well. Each experiment was performed
in triplicate.

Bioinformatics analysis

The co-expressed genes with ADAMTS4 were iden-
tified using Coexpedia (https://www.coexpedia.org).
Higher likelihood scores (LLS) represent the greater
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possibility of co-expression. The co-expression correla-
tion for ADAMTS4 and MYC in LUAD was performed
using starbase (http://starbase.sysu.edu.cn). The expres-
sion data of LUAD were downloaded from TCGA project
(https://www.cancer.gov) via Genomic Data Commons
Data Portal (https://portal.gdc.cancer.gov/). The expres-
sion values of genes from RNA-seq data were scaled
with log2(FPKM +0.01). The overall survival (OS) curve
of ADAMTS4 in lung cancer was generated based on
Kaplan—Meier method. The potential signaling pathway
activated by ADAMTS4 was analyzed through Gene set
enrichment analysis (GSEA, http://software.broadinsti
tute.org/gsea/msigdb/index.jsp) software based on the
TCGA-LUAD dataset.

Protein stability assay

A549 and NCI-H1299 cell lines were transfected with a
lentivirus carrying shADAMTS4 or its corresponding
negative control. These cells were then plated in 12-well
plates at a concentration of 10° cells per well. Following
a 48-h incubation period, the cells underwent treatment
with 100 umol/L cycloheximide (CHX) (C7698, Sigma)
for specified durations. Subsequently, cell samples were
harvested and subjected to Western blot analysis using a
c-Myc antibody.

Immunoprecipitation analysis

To conduct immunoprecipitation, A549 and NCI-H1299
cells, which were stably transfected with shADAMTS4
or shCtrl, underwent lysis using RIPA lysis buffer. The
resulting cell lysate was then combined with either
c-Myc-conjugated beads or IgG-conjugated beads, fol-
lowed by an overnight incubation at 4 °C. Subsequently,
the immunocomplexes were separated from the beads
through centrifugation and subjected to Western blot
analysis using an ubiquitin antibody.

Ubiquitination assay

Ubiquitination assays were performed as described previ-
ously [29]. In brief, cells were transfected with the shCtrl
or shADAMTS4 lentivirus and incubated for 48 h. Sub-
sequently, the cells were harvested following treatment
with 20 pg/mL MG132 for 5 h. The cell lysates were then
prepared using RIPA buffer and denatured by boiling
for 5 min. The ubiquitination status of c-Myc was deter-
mined by western blot analyses, employing the methods
described earlier.

HUVEC tube formation assay

The tubule formation assays of HUVECs were performed
as described previously [30]. Briefly, 150 puL of growth
factor-reduced Matrigel (BD Biosciences, USA) was
added into 48-well plates for 30 min at 37 °C. HUVEC
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cells, which had been starved in 0.2% FBS-containing
DMEM medium for 24 h, were then digested and har-
vested. Moreover, culture medium (CM) from A549
and NCI-H1299 cells transfected with indicated lentivi-
rus was collected. The cell density of HUVEC cells was
adjusted to 1x10° cells/mL and re-suspended in cor-
responding CM. Subsequently, 500 pL of cell suspen-
sion was added to each well of the 48-well plates and
incubated in an incubator for 7 h. Finally, the formed
tubes were quantified by measuring the branch points of
the completed tubules under a bright-field microscope
(Olympus, Japan). Three independent experiments were
performed for each treatment.

Mice xenograft model

BALB/c nude mice (female, eight-weeks-old) were pur-
chased from GemPharmatech Co. LTD (Jiangsu, China).
A549 cells transfected with ADAMTS4-ovexpressing or
(and) shc-Myc lentivirus were subcutaneously injected
to corresponding mice to construct xenograft models.
7 days later, the tumor sizes, including the widest diam-
eter (W) and the longest diameter (L) of the mice tumors,
were monitored every 6 days, and the tumor volumes
were calculated using the formula /6 X L X W2 [31]. After
31 days, all mice were anesthetized, and the tumor tissues
were isolated, photographed, and weighted. Additionally,
the tumor tissues were embedded in paraffin, and sec-
tioned for Ki-67 staining as described above. The animal
experiments were approved by the Institutional Animal
Care Committee of Hunan Cancer Hospital/the affiliated
Cancer Hospital of Xiangya school of Medicine, Central
South University.

Statistical analysis

Graphpad Prism 8.04 software was used to perform sta-
tistical analysis and graphing. All data were expressed
as the mean +standard deviations (SD). Statistical dif-
ferences were determined by unpaired two-tailed stu-
dent’s t-test and one-way analysis of variance (ANOVA).
A p value of less than 0.05 was considered significantly
difference.

Results

Increased ADAMTS4 expression in lung cancer predicted
poor patient survival

To reveal whether ADAMTS4 expression is increased in
lung cancer, we detected the ADMATS4 expression in
lung cancer tissues (n=149) and para-carcinoma nor-
mal tissues (n=388) using human tissue microarrays via
IHC staining. We revealed a significantly elevated level of
ADMATS4 expression in lung cancer tissues compared
to para-carcinoma normal tissues (p <0.001) (Fig. 1A, B).
The rate of positive ADMATS4 expression in lung cancer

Page 5 of 17

patients was 50.3% (75/149), markedly higher than the
3.4% (3/85) observed in para-carcinoma normal tissues
(p<0.001) (Table 1). To explore the role of ADMATS4
overexpression in lung cancer progression, we performed
the correlation analysis between ADMATS4 expres-
sion and clinicopathological characteristics of lung can-
cer patients. The data suggested a significant correlation
between high ADMATS4 expression and tumor stage,
T infiltrate and lymphatic metastasis (p <0.05) (Table 2).
These positive correlations were further validated by
Spearman correlation analysis (Table 3). Furthermore,
patients with high ADAMTS4 expression showed appar-
ent shortened overall survival (OS) in comparison with
low ADAMTS4 expression (Fig. 1C). Collectively, these
results indicated a substantial upregulation of ADAMTS4
in lung cancer tissues. The overexpression of ADAMTS4
is indicative of advanced disease progression and is asso-
ciated with poor overall survival. Thus, ADAMTS4 holds
promise as a potential prognostic biomarker for lung
cancer progression.

ADAMTS4 knockdown inhibited proliferation, migration
and angiogenesis in lung cancer

In consistent with the IHC results of human samples,
we also bserved the overexpression of ADAMTS4 in
lung cancer cell lines, such as NCI-H1299, NCI-H1975
and A549 (p<0.05) (Fig. 1D, E). To investigate the bio-
logical functions of ADAMTS4 in lung cancer patho-
genesis, a serious of loss-of-function experiments were
performed using ADAMTS4-silencing cell models. Spe-
cifically, three ADAMTS4 interference lentiviral vectors
(shADAMTS4) and a negative control (shCtrl) were con-
structed. The most effective shRNA targeting ADAMTS4
(ShADAMTS4-2) was used for ADAMTS4 knockdown
in A549 and NCI-H1299 lung cancer cells (Fig. S1A).
Successful knockdown of ADAMTS4 was confirmed
at both mRNA and protein levels (p<0.05) (Fig. 2A, B).
We first evaluated the effects of ADAMTS4 on prolifera-
tion and apoptosis by Celigo cell count assays and flow
cytometry assays, respectively. Our results suggested that
ADAMTS4 knockdown significantly inhibited the prolif-
eration of A549 and NCI-H1299 lung cancer cells com-
pared to the shCtrl group (p<0.001) (Fig. 2C). Whereas,
the percentages of cell apoptosis in sShADAMTS4 group
were obviously increased compared to the shCtrl group,
with consistent results obtained in both A549 and NCI-
H1299 cells (p<0.01) (Fig. 2D). Given the association of
ADAMTS4 upregulation with tumor progression and
lymphatic metastasis, we examined whether ADAMTS4
promoted migration of lung cancer cells. Wound heal-
ing and transwell assays revealed that ADAMTS4 knock-
down significantly decreased the migration rate and the
number of migratory cells in both A549 and NCI-H1299



Zhai et al. Biology Direct (2024) 19:94

Page 6 of 17

A Para-carcinoma
< 124
(25 ok
So { 2 —
L] 39
<D( LB.F 0 it
cQ -; i
; 6 ——
.2
E o=
d S 34 -
b , < < rmom
L]
S T p
g =34 Para-carcinoma  Lung cancer
< v;. (n=88) (n=149)
C
10] =y Log Rank P=0.047*
BAL, 40+
5 ) o
o] Ve T f F &
I H— it > a (2] s Q> )
I 29 301 ¢ O & &
<3 —_— < < < ¥
06
£ X z20 Ak ADAMTSS| s Wy s @Y 20 kD2
S E¢) 201
-g 04 r—= g E 024 058 035 099
Q
— . - <
© _— low expression of ADAMTS4 © 104 GAPDH 37 kDa
g 0z 7 high expression of ADAMTS4 Q g - - - -
3 —f—  low expression of ADAMTS4 X<
high expression of ADAMTS4 i :
00 0 Q
S g.Q’ R
Overall survival (months) q," \,\"
& $

Fig. 1 Increased ADAMTS4 expression in lung cancer predicted poor patient survival. A Representative IHC images of analysis ADAMTS4 expression
in human lung cancer tissues and para-carcinoma normal tissues. Scale bar: 50 um. B The IHC score of ADAMTS4 from patients in lung cancer

and para-carcinoma normal tissues. C Patients with high ADAMTS4 expression (n=75) showed significantly shortened OS compared to that with
low ADAMTS4 expression (n=74). D Relative mRNA and (E) protein expression levels of ADAMTS4 in lung cancer cell lines NCI-H1299, NCI-H1975,
A549 and normal lung epithelial cell BEAS-2B. (n=3). Results were presented as mean +SD. *p < 0.05, **p <0.01, ***p < 0.001

Table 1 Expression of ADAMTS4 in lung cancer tissues
and para-carcinoma normal tissues were revealed by
immunohistochemistry analysis

ADAMTS4 Tumor tissue Para-carcinoma p value
expression normal tissue
Cases Percentage Cases Percentage <0.001
(%) (%)
Low 74 49.7 85 96.6
High 75 503 3 34

cells compared to the negative control (p <0.05) (Fig. 2E,
F). This indicates that ADAMTS4 depletion impaired
migratory capacities of lung cancer cells. Considering
the reported involvement of ADAMTS4 in angiogenesis
in cancers [18], and recognizing angiogenesis as a crucial
step in driving progression of lung cancer [32], we sought
to explore whether ADAMTS4 regulates angiogenesis in
lung cancer. Since many angiogenic factors are soluble,
we collected conditioned medium (CM) from both the

shCtrl group of A549 and NCI-1299 cells and the shAD-
AMTS4 group of A549 and NCI-1299 cells. We then
examined their effects on the tube formation of HUVEC.
We found that CM from ADAMTS4 knockdown A549
and NCI-1299 cells significantly reduced HUVECs tubule
formation, implying a promoting role of ADAMTS4 in
lung cancer angiogenesis (Fig. 2G).

To further confirm the influence of ADAMTS4 on
the apoptotic, migratory and angiogenic phenotypes
of lung cancer cells, the related protein expression lev-
els were evaluated by western blot assays. As depicted
in the Fig. 2H, when comparing the ADAMTS4 knock-
down group with the control group, we observed a sig-
nificant upregulation in the expression of pro-apoptotic
proteins, Cleaved caspase-3 and Bax. Concurrently, there
was a downregulation of the anti-apoptotic protein Bcl-2.
Additionally, we found a marked decrease in the expres-
sion levels of pro-angiogenic proteins VEGF and PDGFA,
as well as pro-migratory proteins MMP-1, Vimentin, and
N-cadherin. These findings collectively reinforce our con-
clusion that ADAMTS4 plays a pivotal role in influencing
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Table 2 Relationship between ADAMTS4 expression and tumor
characteristics in patients with lung cancer

Features No. of patients ADAMTS4 p value
expression
Low High
All patients 149 74 75
Age (years) 0.564
<62 70 33 37
>62 79 41 38
Gender 0.965
Male 115 57 58
Female 34 17 17
Tumor size 0.222
<35cm 71 39 32
>35cm 78 35 43
Grade 0374
Il 42 24 18
Il 20 9 1
Stage <0.01
| 54 35 19
Il 59 29 30
Il 25 7 18
[\ 8 3 5
T Infiltrate <0.05
T 71 39 32
T2 40 22 18
T3 16 9 7
T4 2 4 18
Lymphatic metas- <0.05
tasis (N)
NO 78 45 33
N1 54 26 28
N2 14 3 I
Metastasis 0481
MO 141 71 70
M1 8 3 5

Table 3 Spearman correlation analysis between ADAMTS4
expression and tumor characteristics in patients with lung cancer

ADAMTS4
Stage Spearman correlation 0.254
Significance (two-tailed) <0.01
N 146
T Infiltrate Spearman correlation 0.169
Significance (two-tailed) <0.05
N 149
Lymphatic metastasis ~ Spearman correlation 0.182
(N) Significance (two-tailed) <0.05
N 146
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apoptosis, angiogenesis, and cell migration in lung cancer
cells. Taken together, these findings reminded the poten-
tial of ADAMTS4 to promote the development of lung
cancer via enhancing cell proliferation, migration and
angiogenic ability while inhibiting cell apoptosis.

ADAMTS4 knockdown induced the degradation of c-Myc
by ubiquitination in lung cancer

To identify the functional partners of ADAMTS4, we per-
formed a prediction using Coexpedia and identified pro-
teins exhibiting co-expression. As shown in Fig. 3A, the
co-expression of ADAMTS4 with TRIM16L, CACNG4,
WEDC9, BHLHE40, BRIX1, MYC, P4HA3, TBXA2R
and NPAP1 had higher likelihood scores (LLS), indicat-
ing the probable co-expression of these genes. Notably,
among the candidates, MYC is well recognized as an
oncoprotein that regulates the expression of numerous
genes implicated in cell survival, proliferation, apoptosis
and metabolic pathways [33]. According the correlation
analysis from ENCORI (https://rna.sysu.edu.cn/encori/
panGeneCoExp.php), we found a positive association
between MYC and ADAMTS4 in lung adenocarcinoma
(LUAD) (p<0.001) (Fig. 3B). Moreover, both NCI-H1299
and A549 cells showed a higher expression level of MYC
compared to normal BEAS-2B cells (p<0.01) (Fig. 3C).
Further, we investigated whether ADAMTS4 regulated
MYC expression by qPCR and western blot analysis.
Our results showed that ADAMTS4 deficiency appar-
ently suppressed mRNA and protein expression levels of
¢-Myc in A549 and NCI-H1299 cells, implying the regu-
latory role of ADAMTS4 in c-Myc expression (Fig. 3D,
E). Most importantly, we noticed the crucial role of the
ubiquitin—proteasome system (UPS) in regulating MYC
protein levels in human cancers [34]. This led us to infer
that ADAMTS4 affects the expression of MYC protein by
regulating its ubiquitination level. Subsequently, we per-
formed the cycloheximide (CHX) chase assays and moni-
tored c-Myc expression by WB assays at indicated time
points to evaluate whether ADAMTS4 mediates c-Myc
deubiquitination. The results revealed that ADAMTS4
knockdown markedly decreased the half-life of c-Myc
protein in A549 and NCI-H1299 cells (Fig. 3F). In addi-
tion, the downregulation of c-Myc was significantly
reversed in ADAMTS4 knockdown A549 and NCI-
H1299 cells treated with MG132, an inhibitor of ubiqui-
tin—proteasome pathway, indicating that ADAMTS4 may
regulate c-Myc protein stability through UPS (Fig. 3G).
Next, we employed Ubibrowser (http://ubibrowser.bio-
it.cn/) and String (https://cn.string-db.org/) websites to
screen for potential interaction partners of ADAMTS4,
particularly focusing on E3 ubiquitin ligase of c-Myc. We
found that WWP2 was the only E3 ubiquitin ligase that
may interact with ADAMTS4 (Fig. 4A). The endogenous
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interaction among ADAMTS4, c-Myc and WWP2 in
A549 and NCI-H1299 cells was confirmed by Co-IP
analysis (Fig. 4B). Moreover, CHX chase assays demon-
strated that increased WWDP2 expression significantly
accelerated c-Myc protein degradation (Fig. 4C). WWP2
overexpression decreased c-Myc protein levels in A549
and NCI-H1299 cells, while this effect was abolished by
MG132 exposure (Fig. 4D). These results indicated that
WWP2 degraded c-Myc by promoting UPS. Consistently,
the ubiquitination assay suggested that ADAMTS4 over-
expression greatly reduced the ubiquitination of c-Myc
in A549 and NCI-H1299 cells. This effect was attenu-
ated when WWDP2 is co-overexpressed simultaneously.
(Fig. 4E). Therefore, we inferred that ADAMTS4 may
upregulate c-Myc expression by inhibiting WWP2-medi-
ated c-Myc ubiquitination.

The function of ADAMTS4 in promoting proliferation,
migration and angiogenesis relied on c-Myc

Since ADAMTS4 regulats protein levels of c-Myc, we
hypothesized that c-Myc was essential for ADAMTS4
induced malignant behaviors of lung cancer cells. Conse-
quently, we conducted the rescue experiments to exam-
ine this assumption. We employed shc-Myc-2, which
exhibited satisfactory knockdown efficiency, for subse-
quent functional studies in A549 and NCI-H1299 cells
(Fig. S1B). As depicted in Fig. 5A, western blot results
confirmed the protein expressions of ADAMTS4 and
¢-MYC in both A549 and NCI-H1299 cells. The data
revealed a significant increase in the protein levels of
ADAMTS4 and c-MYC in the ADAMTS4 overexpres-
sion group compared to the control group. Conversely,
in the c-Myc knockdown group, there was a noticeable
reduction in ¢-MYC protein levels, with no significant
change observed in ADAMTS4 levels. These results
substantiated the successful overexpression and knock-
down of ADAMTS4 and c-MYC, respectively, and sup-
port the conclusion that ADAMTS4 acts as an upstream
regulator of c¢-MYC. Subsequently, cell proliferation
and cell migration were detected. In CCK-8 assays, we
found that the depletion of c-Myc significantly attenu-
ated the effects on cell viability promoted by ADAMTS4
overexpression in A549 and NCI-H1299 cells (»<0.01)

(See figure on next page.)
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(Fig. 5B). Moreover, the results of transwell assays sug-
gested that the migratory capacity in ADAMTS4 group
of A549 and NCI-H1299 cells was remarkably increased
(p<0.001), while it was dramatically suppressed in shc-
Myc and ADAMTS4+shc-Myc groups as compared
with the matched control groups (p<0.001) (Fig. 5C). In
the tubule formation assay, we observed that CM from
ADAMTS4-overexpressing cells enhanced the capillary
formation of HUVECs, while CM from c-Myc-knock-
down cells reduced HUVECs tubule formation. Notably,
the effect of ADAMTS4-overexpressing derived CM on
tubule formation was dramatically reversed by c-Myc
depletion (Fig. 5D). These findings suggested a strong
functional relationship between ADAMTS4 and c-Myc.

C-Myc was required for ADAMTS4-promoted tumor growth
of lung cancer cells in mice

Next, we subcutaneously implanted A549 cells express-
ing ADAMTS4 and (or) shc-Myc lentiviral vectors into
nude mice to further assess the pivotal role of c-Myc
in ADAMTS4-mediated lung cancer progression. As
shown in Fig. 6A, compared to the NC group, tumor
growth was significantly increased by ADAMTS4 over-
expression, which was dramatically reversed by down-
regulation of c-Myc (p<0.001). Consistently, the tumors
tissues isolated from mice in the ADAMTS4 group dis-
played a larger size and weight, in stark contrast to the
results from the ADAMTS4+shc-Myc group (p<0.01)
(Fig. 6B, C), suggesting that ADAMTS4 facilitated lung
cancer progression via c-Myc. In addition, we observed
an upregulation of Ki-67 in tumors with ADAMTS4
overexpression, a phenomenon that was partly reversed
by c-Myc depletion (Fig. 6D). These data confirmed that
ADAMTS4 targeted c-Myc to promote in vivo tumori-
genicity of lung cancer cells.

ADAMTS4 activated MAPK signaling in lung cancer

To investigate the underlying mechanism by which
ADAMTS4 exacerbates lung cancer progression, we per-
formed Gene Set Enrichment Analysis (GSEA) using a
publicly available LUAD dataset from TCGA. Our anal-
ysis revealed a significant enrichment of co-expressed
genes of ADAMTS4 in the mitogen-activated protein

Fig. 2 ADAMTS4 knockdown inhibited proliferation, migration and angiogenesis in lung cancer. ADAMTS4 knockdown in A549 and NCI-H1299
cells was validated at both, A mRNA and, B protein levels by gPCR and WB analysis, respectively. (n=3). C ADAMTS4 knockdown in A549

and NCI-H1299 cells inhibited cell viability as shown by Celigo cell counting assays. (n=3). D ADAMTS4 knockdown in A549 and NCI-H1299 cells
promoted cell apoptosis as shown by flow cytometry assays. (n=3). ADAMTS4 knockdown in A549 and NCI-H1299 cells impaired capacities of cell
migration as shown by E wound healing assays and (F) transwell assays. n=3. G Culture medium (CM) from A549 and I NCI-H1299 cells transfected
with indicated lentivirus were collected and added to induce HUVECs tube formation. (n=3). H The expression levels of apoptosis, migration

and angiogenesis related proteins in A549 and NCI-H1299 cells with or without ADAMTS4 knockdown were detected by Western blot. (n=3).

Results were presented as mean+SD. *p <0.05, **p <0.01, ***p <0.001



Page 9 of 17

Zhai et al. Biology Direct (2024) 19:94
hCtrl
A : B A549
1.5 M SIADAMTS4 shCtrl  shADAMTS4 _— i
- * -}
T ADAMTS4 shctrl 4 shctl
E QQ_ k., R - ShADAMTS4 - ShADAMTS4
= = €
EJ NCI-H1299 :, N
ok shCtrl _ shADAMTS4 = =
-E E 0.54 o, .___‘,__0/-0—_’4 O 1{ e—p—0—o—0
53 ADAMTS4 90 kDa
[} < - &
< T v T T T
" Asa9 NCI-H1299
D shCtrl shADAMTS4 E F
_ o Gate:Ps o Gate:P5
@ "sEe1-UL QT-UR] s da1-ULC =
4 o 03% 0.9% 7% = E
kE R 2 ®
Q| %a % S 2
0 3 3 0 ©
< | % % < 3 T o
4 4 =5 g
EQr-LL Q1-LR| FHor-LL Q1-LR s\ <
c% lqlgl.A%ﬂ- T T T ||I|'I4l?f\||'l % Iglglléi%ﬁllllllllllll.l IIIII%I“I%II E < i
ISR I, P SR R I S S Bt & S
shCtrl shADAMTS4
o Gate: P5 a Gate: P5
VI I N U 5
LY 93 ol 2 - | B
E E & ° Q
S| % % S o
o %2 o L < Tl
= | I oo o2
g | i |5 Bk
Se01-LL Q1-LR| Py 3
C& -BIITIIIISiXI)III TTITW T T II?IIQI%“: c& E é
%, W R S PP SR W R S S R R @ @
» Annexin V
\ AET8 T35 o AS49 NCI-H1299 250 AS49 NCI-H1299
: Xk 3z Kkk
* = 200
;\? % % % %k % e i
z S 04 @ 150 *kk
g4 £ 3
s 8 > 100
g_ 20.2 %
< 5 50
=
shCtrl shADAMTS4 shCtrl shADAMTS4 shCtrl shADAMTS4  shCtrl sShADAMTS4 shCtrl ShADAMTS4A  shCtrl ShADAMTS4A
HUVEC HUVEC
G , e ‘ H A549 NCI-H1299
. :Jé shCtrl shADAMTS4 shCtrl shADAMTS4
= = X Sl ADAMTSY | s s | | s s |90 kDa
5| % Cleaved | e m— s s | 17 kDa
5 ‘-Er’ caspase-3
3;’ - Bax | wwes  a— Lo W |21kDa
's]
<3 = & Bel-2 | v == « |26 kDa
= g *;‘( Apoptosis-related
g ‘ o) MMP-1 | i s | | w |55kDa
< o
@ o ° vimentn [ . =~ | |- 51kDa
L 80 AB49-CM NCI-H1299-CM N-cadherinl T p— — | P
§ = Migration-related
g, 60 VEGF e - 27 kDa
=3 *
E 40 - PDGFA | o A s 117 kKDa
o
é - GAPDH |"— | | qu— e |37 (Da
3 - Angiogenesis-related

T —T1 T
shCtrl ShADAMTS4  shCtrl ShADAMTS4
Fig. 2 (Seelegend on previous page.)



Zhai et al. Biology Direct (2024) 19:94

Page 10 of 17

Co- d ith ADAMTS4
A crexplessec.genes Wi B ADAMTS4 vs. MYC c
(log-likelihood score)
0.0 0.5 1.0 1.5 2.0 2.5 (526 TCGA-LUAD samples)
TRIM16L R=0.214, P=7.08e-07 = 251
w e . — %k
CACNG4 P o g — 201
WFDC9 g gé .
BHLHE40 é < ke
o o J
BRIX1 & 29 10
myc o 52 ]
P4HA3 o : =
Pl =)
TBXA2R = 3 0
NPAP1 = K
5 25 0 25 5 &
ADAMTS4 (log2(FPKM+0.01))
D A549 NCI-H1299 E
shCtrl
54 1.5 =
e = ShADAMTS _ £ ek M (ShADAMIS4 A549 NCI-H1299
$- — g shCtrl  ShADAMTS4 shCtrl shADAMTS4
2z ek e 23 Jeske de
< g 101 <0107 ADAMTS4|— — ‘ |— -.|90 kDa
<
14 X o
(V)
55 g § 1 c-Myc !—J. o |57 kDa
> C >
= o 0.54 - = 0.5+
Eo W $e GAPDHl- -I |- -|36 kDa
14 = ——
< \
0.0 : T 0.0 T ‘ T
ADAMTS4 MYC ADAMTS4 MYC
F A549 NCI-H1299 G shapamTss 2= 3
CHX(h) o0 3 6 12 0 3 6 12 MG132 - - + 4
B c-MyCI-— P H- — e -J57kDa - c-Myc[_. - -]57 kDa
o 100 065 049 040 100 093 087 _ 0.76 § 061041 102 1.4
[72]
GAPDH|--—- H...—|36kDa GApDH|-—-—I36kDa
B | oo | —— | - |70 2 o e 57 0
= 100 059 037 027 100 087 070 _ 0.39 g 082 056 089 076
(=) ot
< GAPDH| - = e P H----|3e kDa 3] GAPDH|- --.|36 kDa
[72]

Fig. 3 ADAMTS4 knockdown induced the degradation of c-Myc by ubiquitination in lung cancer. A The top 9 of co-expressed genes
with ADAMTS4 were identified using Coexpedia. The higher likelihood scores (LLS) represents the greater possibility of co-expression. B The

co-expression correlation for ADAMTS4 and MYC in LUAD was performed

using starbase. C Relative mRNA expression level of MYC in lung cancer

cell lines NCI-H1299, NCI-H1975, A549 and normal lung epithelial cell BEAS-2B. (n=3). (D) ADAMTS4 knockdown suppressed the mRNA and E
protein expression levels in A549 and NCI-H1299 cells. (n=3). F Protein expression of c-Myc in A549 and NCI-H1299 cells transfected with ADAMTS4

knockdown or its negative control lentivirus was detected by WB analysis

at indicated times after cyclohexamide (CHX, 20 umol/L) addition. (n=3).

G Protein expression of c-Myc in A549 and NCI-H1299 cells transfected with ADAMTS4 knockdown or its negative control lentivirus and treated

with MG132 (20 pg/mL) as indicated was detected by WB analysis. (n=3).

kinase (MAPK) signaling pathway (Fig. 7A), implying the
potential implication of the MAPK signaling pathway in
ADAMTS4-mediated lung cancer development. Further,
western blot assay confirmed that ADAMTS4 overex-
pression remarkably upregulated c-Myc, along with key
molecules of the MAPK signaling pathway, including
p-ERK1/2, p-JNK, p-P38. Treatment with MAPK inhibi-
tors or overexpression of WWP2 reduced this effect
(Fig. 7B, C), indicating that ADAMTS4/WWP2/c-Myc
axis contributes to activation of MAPK signaling path-
way in lung cancer. Next, we conducted CCK-8 and cell
apoptosis assays to examine whether MAPK signaling

Results were presented as mean+SD. **p <0.01, ***p <0.001

pathway contributes to ADAMTS4-mediated malignant
phenotypes in lung cancer cells. The results showed that
MAPK inhibitor treatment led to a significant inhibition
of cell viability in ADAMTS4-overexpressed A549 and
NCI-H1299 cells compared with untreated cells (p <0.05)
(Fig. 7D). Apoptosis assays suggested that the reduction
of apoptotic cell number induced by ADAMTS4 over-
expression was partly reversed in A549 and NCI-H1299
cells treated with MAPK inhibitor (p<0.05) (Fig. 7E).
Furthermore, we demonstrated that treatment with the
MAPK inhibitor resulted in an increase in Bax expres-
sion and a decrease in Bcl-2 expression. Importantly, the
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Fig. 4 ADAMTS4 inhibited ubiquitination of c-Myc through WWP2. A Venn diagram indicated the potential E3 ubiquitin ligase of c-Myc that may
interact with ADAMTS4. B Co-IP assays showed endogenous interaction between ADAMTS4, WWP2 and c-Myc in A549 and NCI-H1299 cells. (n=3).
C WB analysis showed c-Myc expression in control or WWP2-overexpressed A549 and NCI-H1299 cells treated with CHX. (n=3). D Western blot
analysis was performed to assess the protein levels of c-Myc in control and WWP2-overexpressed A549 and NCI-H1299 cells, with or without MG132
treatment. (n=3). E Western blot analysis was conducted to evaluate the ubiquitination levels of c-Myc in A549 and NCI-H1299 cells overexpressing
ADAMTS4 alone or co-overexpressing ADAMTS4 and WWP2 simultaneously. (n=3)

MAPK inhibitor could reverse the effects of ADAMTS4
on the expression of Bax and Bcl-2 proteins (Fig. 7F).
Altogether, our findings establish the involvement of the
MAPK signaling pathway in ADAMTS4-mediated lung
cancer progression.

Discussion

Lung cancer is a prevalent malignant tumor and remains
the primary cause of cancer-related deaths globally [1].
While the preferred therapeutic approach for early-
stage patients involves resection combined with adjuvant
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with ADAMTS4-overexpressing and c-Myc-silencing negative vectors (NC), ADAMTS4-overexpressing lentivirus and c-Myc-silencing negative
vectors (ADAMTS4), ADAMTS4-overexpressing negative vector and c-Myc-silencing lentivirus (shc-Myc), and ADAMTS4-overexpressing lentivirus
and c-Myc-silencing lentivirus (ADAMTS4 +shc-Myc), respectively. 48 h later, cells were harvested for A western blot analysis of ADAMTS4 and c-Myc
expression. GAPDH used as an internal control. (n=3). B Detection of cell viability by CCK-8 assays. (n=3). C Evaluation of cell migration ability

by transwell assays. (n=3). D Culture medium (CM) from A549 and NCI-H1299 cells transfected with indicated lentivirus were collected and added
to induce HUVECs tube formation. Representative tube structures of HUVECs cells were shown and the numbers of angiogenesis were quantified.
(n=3). Results were presented as mean£SD. *p <0.05, *p<0.01, ***p <0.001

chemotherapy, this strategy comes with notable toxici-
ties [35]. Moreover, the current targeted agents for lung
cancer face challenges such as modest efficacy and lim-
ited applicability to specific populations [36, 37]. Con-
sequently, revealing the pathogenesis of lung cancer and
searching for a promising therapeutic target are of great
significance for improving the survival of lung cancer
patients.

ECM is an intricate network of large molecules
secreted by cells into the extracellular stroma. It exerts
pleiotropic effects, including structural support, anchor-
age, cell signaling, morphogenesis, cell survival, and
cell death. Aberrant production and regulation of ECM
are implicated in various diseases such as fibrosis,
myopathies, diabetes, and cancer [38]. The proteinase
ADAMTS4, responsible for controlling the structure and
function of ECM, is implicated in tissue destructions,

contributing to conditions like arthritis or cancers [39,
40]. The upregulation of ADAMTS4 has been identified
in colorectal cancer [15, 16], Ewing’s sarcoma [17], and
is associated with poor prognosis. Recently, ADAMTS4
was reported to mediate fibroblast activation-induced
lung damage [41], yet its involvement in lung cancer
progression remains unclear. In our study, we assessed
the protein expression of ADAMTS4 in samples from
lung cancer patients, revealing high levels. Significantly,
upregulation of ADAMTS4 was more significantly in
advanced lung cancer and correlated with shortened
OS, indicating ADAMTS4 as a promising biomarker for
lung cancer progression. Proliferation and migration,
predominant factors driving tumor dissemination [42],
were notably elevated. Using loss-of-function strate-
gies, we further demonstrated that ADAMTS4 knock-
down apparently inhibited cell viability and migration
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Fig. 6 C-Myc was required for ADAMTS4-promoted tumor growth of lung cancer cells in mice. A The ADAMTS4-overexpressing lentivirus

and c-Myc-silencing A549 cells were respectively or simultaneously injected into flanks of BALB/c nude mice. 7 days later, the tumor sizes were
monitored once every 6 days, and the tumor volumes were calculated. (n=4 mice per group). B After 31 days, all tumor tissues isolated from mice
as well as the mice were photographed, and C tumor weight was quantified. (n=4 mice per group). D The expression levels of Ki-67 protein

in tumors of indicated groups were detected by IHC staining. (=4 mice per group). Results were presented as mean +SD. **p <0.01, ***p <0.001

while promoting apoptosis in A549 and NCI-H1299
cells. Moreover, the inhibitory effect of ADAMTS4-
knockdown CM on HUVEC tubule formation further
supported ADAMTS4’s oncogenic role in lung cancer
development.

The transcription factor c-Myc is intricately involved in
regulating cell growth, survival, differentiation, metabo-
lism and apoptosis, exhibits constitutive and aberrant
expression in more than 70% of human cancers [43].
Herein, we identified c-Myc as one of the co-expressed
genes alongside ADAMTS4, demonstrating a positive
correlation between their expressions. Consistent with

(See figure on next page.)

ADAMTSA4, elevated levels of c-Myc were observed in
A549 and NCI-H1299 cells. Further analysis validated
that depletion of ADAMTS4 significantly decreased both
mRNA and protein expression levels of c-Myc, prompt-
ing the hypothesis that ADAMTS4 might accelerate lung
cancer progression through c-Myc, although the under-
lying molecular mechanism remained elusive. More
importantly, previous researchers have suggested the
short half-life and inherent instability of c-Myc protein,
leading to various posttranslational modifications for
its regulation [44, 45]. Among these modifications, the
delicate balance of ubiquitination and deubiquitination

Fig. 7 ADAMTS4 activated MAPK signaling in lung cancer. A GSEA indicated that the co-expressed genes of ADAMTS4 were enriched in MAPK
signaling pathway. B Western blot assay confirmed the activation of MAPK signaling pathway in NCI-H1299 cells upon ADAMTS4 overexpression.
GAPDH served as the internal reference. (n=3). C Western blot assay indicated that WWP2 attenuated the activation of MAPK signaling pathway
induced by ADAMTS4 overexpression. GAPDH served as the internal reference. (n=3). D CCK-8 assays were performed to examine the effect

of ADAMTS4 or (and) MAPK inhibitor, HY-12839 (10 uM), on cell viability of A549 and NCI-H1299 cells. (n=3). E Flow cytometry was used

for detecting the effect of ADAMTS4 or (and) MAPK inhibitor on cell apoptosis of A549 and NCI-H1299 cells. (n=3). F Relative protein expression
levels of cleaved caspase-3, Bax and Bcl-2 expression in A549 and NCI-H1299 cells. GAPDH served as the internal reference. (n=3). Results were

presented as mean +SD. *p <0.05, **p <0.01, ***p <0.001
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emerges as a pivotal factor in regulating c-Myc stabili-
zation and activation [44]. For example, The c-Box and
ubiquitin binding domain (UBA) regions of USP5 inter-
act with the c-Myc protein, thereby inhibiting K48-linked
polyubiquitination of c-Myc. Additional studies have
revealed that METTL5 regulates the translation of USP5,
influencing c-Myc ubiquitination [46]. WBC100 targets
the nuclear localization signal 1 (NLS1) and basic nuclear
localization signal 2 (NLS2) regions of c-Myc, triggering
its degradation via the 26S proteasome pathway medi-
ated by the ubiquitin E3 ligase CHIP, ultimately inducing
apoptosis in cancer cells [47]. Furthermore, RNF130 has
been identified as promoting ubiquitination and degrada-
tion of c-Myc [48]. In our study, we evaluated the effects
of ADAMTS4 on c-Myc protein stability, revealing that
ADAMTS4 knockdown remarkably decreased the sta-
bility of c-Myc protein in lung cancer cells. In addition,
we identified E3 ubiquitin ligase WWP2 mediated the
regulatory effect of ADAMTS4 on c-Myc protein sta-
bility. ADAMTS4 may upregulate c-Myc expression by
inhibiting WWDP2-mediated ubiquitination of c-Myc.
Furthermore, the rescue assays provided that the pro-
motive cell viability and migratory effects by ADAMTS4
overexpression in lung cancer, as well as in vivo tumor
growth, were dependent on c-Myc. In addition, Baudino
et al. demonstrated the essential role of c-Myc in vasculo-
genesis and angiogenesis during tumor progression using
c-myc™'~ mice [49]. We next investigated the potential
role of ADAMTS4 in promoting angiogenesis in lung
cancer through its interaction with c-Myc. Our findings
revealed that the CM from lung cancer cells overexpress-
ing ADAMTS4 remarkably enhanced tube formation in
HUVEC cells. In contrast, groups with knockdown of
either ADAMTS4 or c-Myc exhibited diminished tube
formation capabilities. Notably, the pro-angiogenic effect
of the CM derived from ADAMTS4-overexpressing cells
was substantially reversed upon depletion of c-Myc. This
observation aligns with a prior study by Rao et al. indi-
cating that ADAMTS4 exhibited promotive role in B16
melanoma growth and angiogenesis in mice [18]. Thus,
our results suggest that ADAMTS4 might induce angio-
genesis in lung cancer in a c-Myc depended manner, pro-
viding insight into the mechanistic underpinnings of its
role in facilitating lung cancer progression.

The Mitogen-Activated Protein Kinase (MAPK) sign-
aling pathway comprises three principal modules-ERK,
JNK, and p38-which control cellular processes such
as cell proliferation, differentiation, survival, apopto-
sis [50], and angiogenesis [51]. Dysregulation of the
MAPK pathway has been implicated in various human
diseases, including cancer [50, 52]. In the context of
lung cancer, multiple studies have reported aberrant
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activation of MAPK signaling pathways in tumor tis-
sues, indicating its significance in the pathogenesis of
this malignancy [53, 54]. Herein, we demonstrated that
ADAMTS4/WWP2/c-Myc axis contributes to activa-
tion of MAPK signaling pathway in lung cancer. This
activation, in turn, promotes a malignant proliferative
phenotype in lung cancer cells, thereby accelerating
tumor progression.

In conclusion, our study offers the initial glimpse
into the spectrum of malignant traits orchestrated by
ADAMTS4 in lung cancer, including proliferation,
migration, anti-apoptosis and angiogenesis. Mechanis-
tically, we elucidated that ADAMTS4 drives tumori-
genesis by regulating the stability of c-Myc protein and
activating the MAPK signaling pathway. Most impor-
tantly, we revealed ADAMTS4 as a promising bio-
marker and therapeutic target for lung cancer patients,
supported by the analysis of human tumor samples and
comprehensive functional explorations.
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