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Abstract

Background: Metastasis, the leading cause of renal cell carcinoma (RCC) mortality,
involves cancer cells resisting anoikis and invading. Until now, the role of the matrix
metalloproteinase (MMP)-related enzyme, A disintegrin and metalloprotease

with thrombospondin motifs 1 (ADAMTS1), in RCC anoikis regulation remains unclear.

Methods: The clinical significance of ADAMTST and its associated molecules

in patients with RCC was investigated using data from the Gene Expression Omni-
bus (GEO) and TCGA datasets. Human phosphoreceptor tyrosine kinase (RTK) array,
luciferase reporter assays, immunoprecipitation (IP) assays, western blotting, and real-
time reverse-transcription quantitative polymerase chain reaction (RT-gPCR) were
used to elucidate the underlying mechanisms of ADAMTS1. Functional assays, includ-
ing anoikis resistance assays, invasion assays, and a Zebrafish xenotransplantation
model, were conducted to assess the roles of ADAMTS1 in conferring resistance

to anoikis in RCC.

Results: This study found elevated ADAMTS1 transcripts in RCC tissues that were cor-
related with a poor prognosis. ADAMTS1 manipulation significantly affected cell anoikis
through the mitochondrial pathway in RCC cells. Human receptor tyrosine kinase
(RTK) array screening identified that epidermal growth factor receptor (EGFR) activa-
tion was responsible for ADAMTS1-induced anoikis resistance and invasion. Further
investigations revealed that enzymatically active ADAMTS1-induced versican V1 (VCAN
V1) proteolysis led to EGFR transactivation, which in turn, through positive feedback,
regulated ADAMTS1. Additionally, ADAMTS1 can form a complex with p53 to influ-
ence EGFR signaling. In vivo, VCAN or EGFR knockdown reversed ADAMTS1-induced
prometastatic characteristics of RCC. A clinical analysis revealed a positive correlation
between ADAMTS1 and VCAN or the EGFR and patients with RCC with high ADAMTS1
and VCAN expression had the worst prognoses.

Conclusions: Our results collectively uncover a novel cyclic axis involving ADAMTS1—
VCAN-EGFR, which significantly contributes to RCC invasion and resistance to anoikis,
thus presenting a promising therapeutic target for RCC metastasis.
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Background
Renal cell carcinoma (RCC) accounts for approximately 90% of kidney cancer cases in
adults, while clear cell RCC (ccRCC) and papillary (p)RCC respectively represent the
most common and the second most common histopathological subtypes of RCC [1].
According to GLOBOCAN statistics, RCC has a high incidence and mortality rate with
an increasing trend [2]. About 30% of patients have metastatic disease at the time of
diagnosis [3]. Although most patients present with localized disease amenable to surgi-
cal excision, approximately one-third of patients treated with curative intent will eventu-
ally develop metastatic disease recurrence, with a 5-year relative survival rate that ranges
about ~0-20% [4]. From the inception of cytokine treatment to the advent of targeted
and immune therapies, therapeutic strategies for this lethal stage have evolved in recent
years. However, these treatment strategies still fall short, and advanced ccRCC remains
a deadly disease [5-7] due to a lack of a clearly defined molecular mechanism of metas-
tasis. Therefore, discovering novel molecular insights, biomarkers, and related treatment
targets would have significant clinical impacts on managing patients with ccRCC.
Anoikis is a type of programmed cell death that is initiated immediately after cell-
extracellular matrix (ECM) interactions are disrupted, when cells detach from the origi-
nal ECM [8]. Anoikis is regulated by two pathways termed the intrinsic and extrinsic
pathways. The intrinsic pathway is triggered by translocation of the proapoptotic Bax
and Bak proteins to the outer mitochondrial membrane, which increases the mitochon-
drial permeability and leads to the formation of the apoptosome. Death receptors, such
as those in the tumor necrosis factor receptor superfamily, initiate the extrinsic pathway
by binding to ligands, which in turn leads to the formation of a death-inducing signal-
ing complex [9, 10]. Both pathways terminally converge to activation of caspases and
downstream molecular pathways to execute anoikis. Development of anoikis resistance
is a critical mechanism in cancer and contributes to distal tumor metastasis [11]. For
example, gastric, colon, and lung cancers were reported to induce anoikis resistance and
metastasis through epidermal growth factor receptor (EGFR) signaling [12—14]. Mela-
noma cells were reported to promote anoikis resistance via upregulating N-cadherin
[15]. While associations of anoikis resistance with metastasis and its underlying mecha-
nisms have been documented in various cancer types, such reports are rare in RCC.
ECM enzymes such as matrix metalloproteinases (MMPs) were reported to be cor-
related with anoikis resistance in different cancer types. For example, MMP7 was shown
to play an essential role in anoikis resistance of chondrosarcoma cells [16]. Upregulation
of MMP-2 and MMP-9 was reported to be involved in sine oculis homeobox homolog
1-induced anoikis resistance and invasion in cervical cancer cells [17]. Likewise, MMP-
11 was shown to increase anoikis resistance in lobular carcinoma breast cells [18]. MMPs
from the ADAMTS (A disintegrin and metalloprotease with thrombospondin motifs)
family were also implicated in ECM remodeling events that occur during cancer devel-
opment and progression [17]. Among these, ADAMTS] is the most extensively studied
member that regulates cancer progression [19] via targeting specific substrates within
the ECM, such as proteoglycans [20] and growth factors [21]. So far, the functions of
ADAMTS] in cancer progression remain diverse across various cancer types [22]. While
previous research indicated an increase in ADAMTS]1 expression in kidney cancer [19],
there is limited information regarding its potential clinical predictive significance in
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RCC, particularly with regards to the influence of ADAMTSI on RCC’s resistance to
anoikis and the underlying mechanisms of this phenomenon.

Herein, we discovered that ADAMTS]1 expression was significantly upregulated in
ccRCC tissues and was correlated with poor prognoses. ADAMTS1 overexpression has
the potential to enhance anoikis resistance of and invasion by ccRCC cells in a protease
enzyme activity-dependent manner. Additionally, the impact of ADAMTS1 on these
biological behaviors in ccRCC cells relies on the proteolysis of the ECM proteoglycan,
versican (VCAN), by ADAMTS]I, resulting in induction of EGFR signaling. Activated
EGER signaling, in turn, exhibits positive feedback regulation on ADAMTSI1. Con-
sequently, the cyclic increase in ADAMTS—VCAN—EGEFR axis-induced cell anoikis
resistance and invasion may represent a novel therapeutic target for ccRCC.

Materials and methods

Materials

Recombinant human ADAMTSI (2197-AD) containing a zinc-dependent metallopro-
tease (ZnMc) domain was purchased from R&D Systems (Minneapolis, MN). Recom-
binant human ADAMTS1 (RPB973Hu02) containing thrombospondin (TSP) type I
domains was purchased from Cloud-Clone (Houston, TX). Pifithrin-a (PFT-a, P4359),
dimethyl sulfoxide (DMSO, D2650), and crystal violet (C0775) were purchased from
Sigma-Aldrich (St. Louis, MO). Antibodies employed in the western blot, dot blot, and
coimmunoprecipitation (Co-IP) analyses were as follows: Bid (no. 2002), Bad (no. 9239),
Bak (no. 12,105), Bim (no. 2933), poly(ADP ribose polymerase (PARP; no. 9532), cleaved
PARP (no. 5625), phosphorylated (p)-EGFR (no. 3777), p-Src (no. 2101), p-Akt (no.
9271), p-extracellular signal-regulated kinase (ERK; no. 4370), p-signal transduction and
activator of transcription 3 (Stat3; no. 9145), Akt (no. 9272), ERK (no. 4695), Stat3 (no.
9139; Cell Signaling Technology, Danvers, MA); EGER (sc-03), Wilm’s tumor 1 (WT1;
sc-7385), Lamin A/C (sc-7292), p-ErbB2 (SC-81507), ErbB (SC-33684), p53 (sc-126;
Santa Cruz Biotechnology, Santa Cruz, CA); versican V1 (DPEAAE) (ab19345), Bcl-2
(ab32124; Abcam, Cambridge, MA); GAPDH (60,004—1-Ig), a-tubulin (66,031-1-Ig;
Proteintech, Chicago, IL); ADAMTS1 (AF5867; R&D Systems); and c-Jun (GTX101135;
GeneTex, Irvine, CA).

Data collection from bioinformatics analyses

Messenger RNA (mRNA) expression levels and corresponding survival data of patients
from the Cancer Genome Atlas Kidney Renal Clear Cell Carcinoma (TCGA-KIRC)
were obtained from UCSC Xena (https://xena.ucsc.edu/). The cDNA microarray data,
GSE53757, containing 72 paired RCC tumors and normal renal tissues, and the single
cell (SC) RNA scequecing data of GSE159115, comprising eight renal tumor specimens
and six benign human kidney specimens from RCC were acquired from Gene Expres-
sion Omnibus (GEO) datasets. The probe used for analyzing ADAMTS1 was 222162_s_
at. Violin plots for detecting ADAMTS]1, EGFR, and tissue inhibitor of metalloproteinase
3 (TIMP3) expressions in kidney cancer tissues were retrieved from available online
data at TNMplot (https://tnmplot.com/analysis/)(23). For TCGA RNA sequencing
data, gene expressions were normalized by fragments per kilobase per million (FPKM)
and log,-transformed. To analyze the correlation between anoikis resistance and the
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expression of ADAMTS10, EGFR, and VCAN, we utilized the “negative regulation of
anoikis” pathway derived from the gene ontology database. We performed a single sam-
ple gene set enrichment analysis (ssGSEA) to calculate the score of this pathway for
each patient in the TCGA-KIRC dataset. A Spearman correlation analysis was then con-
ducted to evaluate the relationship between the “negative regulation of anoikis” path-
way and the expression levels of ADAMTS10, EGFR, and VCAN. For the single-cell
RNA sequencing (scRNA-seq) analysis, a differentially expressed gene analysis was per-
formed to compared the expression of ADAMTS1, EGFR, and VCAN between tumor
and benign epthelial cells. We utilized a uniform manifold approximation and projection
(UMAP) plot to demonstrate the distribution of tumor and benign cells based on their
transcription profiles from the scRNA-seq data.

Cell lines and cell culture

The Caki-1, 786-O, and Achn RCC cell lines were purchased from American Type
Culture Collection (ATCC, Manassas, VA). Cells were maintained in minimum essen-
tial medium (MEM) (Caki-1 and Achn) or RPMI-1640 medium (786-0O) with 10% fetal
bovine serum, 2 mM L-glutamine, 100 U/mL penicillin, and 100 pg/mL streptomycin at
37°C in 5% CO,.

Construction of the E402Q mutation of ADAMTS1

The pLex-MCS-ADAMTSI1 expression construct was kindly provided by Dr. Tsang-
Chih Kuo (National Taiwan University, Taipei, Taiwan). Metalloproteinase activ-
ity in ADAMTS]1 was inactivated by generating a mutation of glutamate (Glu, E) into
glutamine (Gln, Q) on amino acid 402 using a QuikChange Lightning Site-Directed
Mutagenesis Kit (Agilent Technologies, Santa Clara, CA). The following primers were
used to generate E402Q: ADAMTS1-E402Q-F: GTT AAA CAC GTG GCC TAA CTG
ATG GGC TGT GGT GAA GGC and ADAMTSI-E402Q-R: GCC TTC ACC ACA
GCC CAT CAG TTA GGC CAC GTG TTT AAC.

Establishment of gene knockdown (KD) and overexpression of RCC cells

Short hairpin (sh) RNAs for ADAMTS]1, VCAN, and EGFR were obtained from the the
RNA Technology Platform and Gene Manipulation Core Facility at Academic Sinica
(Taipei, Taiwan), including targeting sequences for sADAMTS1 (CCA CAG GAA CTG
GAA GCA TAA), shVCAN (ATG GAT GTG TTC AAC CTT AAT), and shEGFR (GCC
AAG CCA AAT GGC ATC TTT). To produce the lentivirus, 293 T packaging cells were
cotransfected with shRNA constructs or pLex-MCS-ADAMTS]1 together with pCM-
VDR8.91 and pMD.G. according to protocols from our previous study [24]. After over-
night incubation, the transfection medium was removed and replaced with fresh culture
medium. Viral supernatants were collected at 24 and 48 h. Then, RCC cells were infected
with fresh lentivirus-containing medium (supplemented with 8 ug/mL polybrene) for
24 h and subjected to the following assays.

The pcDNA3-TIMP3 plasmid was acquired from Dr. Shun-Fa Yang (Chung Shan
Medical University, Taichung, Taiwan). RCC cells were transfected with either 2 pg of
an empty vector or pcDNA3-TIMP3 using the Lipofectamine 3000 Transfection Reagent
(Invitrogen, Carlsbad, CA) for 6 h, following the manufacturer’s guidelines.
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Western blot analysis

Cell lysates of the experimental groups were extracted using PRO-PREPTM protein
extraction buffer (iNtRON Biotechnology, Seongnam, Korea) supplemented with pro-
tease inhibitor cocktails. Proteins were quantified using bovine serum albumin (BSA)
and Coomassie Brilliant Blue G-250 dye (Bio-Rad protein assay). Approximately
~15-30 pg of protein was then loaded and separated via sodium dodecylsulfate poly-
acrylamide gel electrophoresis (SDS—-PAGE), followed by transfer onto polyvinylidene
difluoride (PVDF) membranes. Specific primary antibodies were used to detect targeted
proteins. After three washes of blots in Tris Buffered Saline with Tween 20 (TBST), incu-
bation with a secondary antibody at room temperature was performed. Finally, chemilu-
minescence was utilized for detection.

Anoikis resistance assay

Caki-1 and 786-O cells, modified for ADAMTS1, EGFR, or VCAN expression, or
exposed to ADAMTS]1-indicative recombinant proteins, were initially plated at a density
of 5x 10* cells/well in six-well ultralow-attachment plates for either 24 or 48 h. After-
wards, suspended cells were harvested and reseeded into three separate wells of 96-well
plates for an additional ~3—4 h. Subsequently, cell viability was evaluated using the
CCK-8 viability assay (Abcam).

Zebrafish xenotransplantation model

Transgenic Tg (flil: EGFP) zebrafish were utilized to establish a zebrafish xenograft
model to assess the RCC distant metastatic potential. A total of 400 Caki-1 or 786-O
RCC cells expressing a vector control, ADAMTS1-overexpression, ADAMTS1 + shV-
CAN, or ADAMTS1 +shEGFR, labeled with CM-Dil dye (ThermoFisher Scientific,
Waltham, MA), were injected into a zebrafish yolk sac under anesthesia with 0.1 mg/
mL tricaine. Zebrafish injected with tumor cells were maintained at 34 °C for a speci-
fied duration. Fluorescence signals present in the trunk and end-tail of the fish, indicat-
ing RCC cancer cell metastatic activity, were monitored daily using a Zeiss Axiophot
fluorescence microscope (Carl Zeiss Microimaging, Gottingen, Germany). Distant
metastasis signals were quantified using Image] software (National Institutes of Health,
Bethesda, MD).

Human phosphoreceptor tyrosine kinase (RTK) array

The phosphorylation status of RTKs was analyzed by collecting 300 pg of total pro-
tein lysates from ADAMTSI1-manipulated Caki-1 cells. Subsequently, proteins were
harvested and subjected to incubation with a membrane-based RTK antibody array
(ARY001B; R&D) according to the manufacturer’s instructions. Following the reaction
with specific antibodies and target proteins, signals were detected using a chemilumi-
nescent horseradish peroxidase (HRP) substrate. Spot densities were then normalized
against respective reference array spots and further against the controls.

Real-time reverse-transcription quantitative polymerase chain reaction (RT-qPCR)
mRNA was isolated from specified experimental groups of RCC cells using Trizol (Inv-
itrogen, Carlsbad, CA). Approximately 1 ug of total RNA was then employed for reverse
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transcription to complementary DNA (cDNA) using an iScript” ¢DNA Synthesis Kit
(Bio-Rad, Hercules, CA). The resulting cDNA was subsequently utilized in RT-qPCR
assays with a TOOLS 2 x SYBR qPCR Mix kit (BIOTOOLS, New Taipei City, Tai-
wan), as detailed in our prior study[25]. Primers used in the RT-qPCR are listed as fol-
lows: ADAMTS1_F: TTT TGT TCA CAC ACT TGC CGT T and ADAMTS1_R: CAG
TGC CAG TTT ACA TTT GGG G; VCAN_F: AAC GGC TTT GAC CAG TGC GA
and VCAN_R: ATC AGG GGG AGG GAA GCC TG; TIMP3_F: ACC GAG GCT TCA
CCA AGA TG and TIMP3_R: CCC CGT GTA CAT CTT GCC AT; EGFR_F: AGG CAC
GAG TAA CAA GCT CAC and EGFR_R: ATG AGG ACA TAA CCA GCC ACC; and
GAPDH_F: 5'-CTGGAGAAACCTGCCAAGTATGAT-3" and GAPDH_R: 5'-TTCTTA
CTCCTTGGAGGCCATGTA-3". We also designed the following primer set to detect
expression levels of VCAN isoforms, VO_F: CAG CCC CCA GCA AGC ACA AAATT
and VO_R: TCA GCC ATT AGA TCA TGC ACT GG; V1_F: GAA CCCTGT ATCGTT
TTG AGA ACC and V1_R: TCA GCC ATT AGA TCA TGC ACT GG; V2_F: CAG CCC
CCA GCA AGCACA AAATT and V2_R: GCA TAC GTA GGA AGT TTC AGT AGG;
and V3_F: GAA CCC TGT ATC GTT TTG AGA ACC and V3_R: GCA TAC GTA GGA
AGT TTC AGT AGG.

Transwell invasion assay

An invasion assay was conducted using 24-well Transwell assays (with an 8-pm pore
size; Corning Costar, Corning, NY). Approximately 5 x 10* RCC cells were seeded into
the upper chamber coated with Matrigel (BD Biosciences, Bedford, MA) and incubated
for 48 h. After incubation, cells were fixed with methanol for 20 min and stained with
0.5% crystal violet for an additional ~3—4 h. Cells in the upper chamber were carefully
removed using cotton buds. Quantification was performed by counting invaded cells in
five individual microscopic fields (x 100 magnification) of stained cells.

Dot blot assay

Conditioned medium (CM) from specified RCC cells was collected and centrifuged at a
minimum speed of 13,000 rpm to remove cell debris. Around 300 uL of the supernatant
was carefully loaded onto nitrocellulose membranes using a 96-well GFE960 Dot Blotter
(GenePure, Taichung, Taiwan) and drawn slowly through the membrane by a suction
pump. Antibody hybridization and signal detection were carried out following the west-
ern blot protocol.

Luciferase reporter assay

An EGFR promoter construct was purchased from GeneCopoeia (clone HPRM45993)
(Rockville, MD) and transfected into RCC cells with 1 pg plasmid DNA for the final 48 h
to examine promoter activity, which stably manipulated ADAMTSI expression. For CM
treatment, RCC cells were first transfected with reporter constructs for 24 h, and the
cells were then further treated with the indicated CM for another 24 h. Medium from
RCC cells was collected, and Gaussia luciferase activity was determined using a Secrete-
Pair™ Gaussia Luciferase Assay kit (GeneCopoeia). In the meantime, cell lysates were
harvested to determine Renilla luciferase activity as the internal control by a luciferase
assay kit (Promega, Madison, WTI).
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Subcellular fractionation

Isolation of cytoplasmic fractionation was achieved using a cytosolic lysis buffer
(10 mM HEPES, 1.5 mM MgCl,, 10 mM KCl, 1 mM DTT, and 1% NP-40), followed
by centrifugation at 13,000 rpm for 5 min. The resulting supernatant, containing cyto-
solic proteins, was collected. The pellet was then lysed using PRO-PREPTM protein
extraction buffer and subjected to an additional centrifugation step at 13,000 rpm
for 15 min. Each fraction obtained was separated by SDS—-PAGE and probed for
ADAMTS]. Fraction purity was evaluated by detecting GAPDH for the cytoplasmic
fraction and lamin A/C for the nuclear fraction.

Immunoprecipitation (IP) assay

Total protein from RCC cells was extracted using NETN buffer (20 mM Tris at pH
8.0, 100 mM NacCl, 1 mM EDTA, and 0.5% NP-40). Approximately 1.5 mg of protein
was incubated with an anti-ADAMTS] antibody (AF5867) at 4 °C for 24 h, followed
by incubation with Protein A Sepharose beads for ~1-2 h. After washing the beads
five times with NETN buffer, bound proteins were eluted and boiled with 6x sample
buffer. The resulting bound proteins were then analyzed by western blotting.

Statistical analysis

Values from both in vitro and in vivo studies are presented as the mean =+ standard
deviation (SD). A Student’s ¢-test was employed for data analysis when comparing
two groups. In the analysis of clinical data, Spearman correlations were used to assess
the correlation between ADAMTS1 and EGFR or VCAN expression. Associations of
gene expressions with overall survival (OS) and disease-specific survival (DSS) were
evaluated using a log-rank test. For comparisons involving three groups, a one-way
analysis of variance (ANOVA) followed by Tukey’s post hoc test was conducted to
compare each group. The expression cutoff to define high or low expression groups
was determined based on the minimum log-rank test p value. Gene expressions from
paired tumor/normal tissues were compared using a paired ¢-test.

Results

Expression levels of ADAMTS1 and its prognostic potential in RCC

To elucidate the clinical relevance of ADAMTSI in patients with RCC, we ini-
tially analyzed its expression levels in 277 noncancerous tissues and 566 RCC sam-
ples obtained from gene chip data provided by the TNMplot database. Significantly
higher ADAMTSI1 expression was observed in tumors compared with normal tissues
(Fig. 1A). Additionally, in the ccRCC cohort obtained from the GSE53757 dataset of
the GEO database, we also found significantly higher ADAMTSI1 levels in tumors than
in adjacent normal tissues (Fig. 1B). In the scRNA sequencing dataset GSE159115,
ccRCC tumor cells also exhibited heightened expression compared with benign epi-
thelial cells (Fig. 1C). Furthermore, the Kaplan—Meier plot revealed that patients with
ccRCC with ADAMTS1"8" Jevels in tumors had a poorer prognosis (OS periods) than
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Fig. 1 Elevated ADAMTS1 expression in renal cell carcinoma (RCC) tissues is associated with a poor
prognosis. A ADAMTST mRNA levels in RCC tissues were significantly higher than those in normal renal
tissues (p=0.033) as determined by TNMplot (https://tnmplot.com/analysis/). B ADAMTS1 expression was
assessed in 72 matched clear cell (cc)RCC tissues and their corresponding normal tissues using data from
the GSE53757 ccRCC expression microarray dataset. C The left panel of the Uniform Manifold Approximation
and Projection (UMAP) plot illustrates the distribution of tumor cells and benign epithelial cells based on
single-cell RNA sequencing (scRNA-seq) profiles. The UMAP plot in the middle panel shows the expression
distribution of ADAMTS1. The violin plot in right panel indicates that ADAMTS1 exhibits a significant elevation
in tumor cells compared with benign epithelial cells, with a fold change (FC) of 1.27 and a false discovery
rate (FDR) of less than 0.01. D Kaplan—-Meier analysis depicts overall survival (OS) rates in patients with ccRCC
based on high or low ADAMTS1 expression using data from TCGA

patients with ADAMTS1'°Y (Fig. 1D). These clinical data imply the oncogenic roles of
ADAMTS] in RCC development.

ADAMTS1 expression promotes anoikis resistance in RCC cells

Our previous studies demonstrated that RCC invasion is significantly facilitated by
ADAMTSI [26], highlighting the potential role of ADAMTSI in driving anoikis resist-
ance, a critical factor for tumor cell invasion and metastasis [11]. To investigate this
further, we employed lentiviral-based RNA KD and overexpression approaches to
establish stable KD and overexpression of ADAMTS] in Caki-1 (Fig. 2A, top) and 786
cells (Fig. 2A, bottom). ADAMTS1-manipulated cells were cultured in suspension for
~24-48 h to allow spheroid formation. Subsequently, cells were plated under adherent
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Fig. 2 ADAMTST expression promotes anoikis resistance of renal cell carcinoma (RCC) via inhibiting Bid, Bim,
and Bak. A A western blot analysis was conducted to assess ADAMTST1 expression in Caki-1 and 786-O cells
following transduction with either ADAMTS1 short hairpin (sh)RNA (left) or an ADAMTS1-expressing vector
(right). B Cell viability of suspended Caki-1 and 786-O cells was evaluated using a CCK8 assay at 24 and 48 h
post-stable overexpression (right) or knockdown (left) of ADAMTS1. Data are presented as the mean 4= SD of
three independent experiments. * p <0.05, compared with the control group. C Dot plot demonstrated the
correlation between the single sample gene set enrichment analysis (ssGSEA) score of “negative regulation
of anoikis”and ADAMTS1 expression in TCGA-KIRC patients. A Pearson correlation was performed to evaluate
their association and significance. D Western blot analysis of intrinsic apoptosis-related proteins (Bad, Bcl-2,
Bak, Bid, Bim, and PARP) in suspended Caki-1 cells manipulated with ADAMTS1. GAPDH served as a loading
control. E and F Dissemination of RCC cells in zebrafish embryos. Caki-1 cells with ADAMTS1-knockdown
were implanted into zebrafish embryos at 48 h post fertilization. Tumor cell dissemination was observed at

2 days post injection (dpi), with disseminated tumor foci indicated by white arrowheads on the trunk and
end-tail (E). Integrated densities of Caki-1 metastatic tumor cells in the zebrafish trunk and end-tail at 2 dpi
were quantified, with the mean value of the integrated density in the shCtl group set to onefold (F)
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conditions to assess cell viability, which served as a surrogate for anoikis resistance.
As depicted in Fig. 2B, we observed that forced and decreased ADAMTSI expression
respectively promoted and suppressed the cell viability of RCC cells cultured in suspen-
sion for 24 or 48 h. Furthermore, ADAMTSI is positively associated with the ssGSEA
score of “negative regulation of anoikis” pathway in TCGA-KIRC patients (Fig. 2C),
suggesting that ADAMTS] is crucial for anoikis resistance in RCC. To delve into the
molecular mechanism of ADAMTS1-mediated anoikis resistance, we analyzed expres-
sions of the antiapoptotic Bcl-2 protein and proapoptotic family members involved in
mitochondrial apoptosis, including sensitizer (Bad) and activator (Bid and Bim) BH3
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proteins, and the Bak pore-forming effector. We observed that ADAMTS]1 overexpres-
sion in Caki-1 cells decreased Bim, Bid, Bak, and PARP cleavage under suspension con-
ditions. However, there was no change in Bcl-2 or Bad expression (Fig. 2D). In contrast,
ADAMTS1-KD showed the opposite outcome in Caki-1 (Fig. 2D) and 786-O cells (Addi-
tional file 1: Supplementary Fig. 1). These results suggest that ADAMTS1 modulates cell
anoikis through the mitochondrial pathway in RCC cells. We proceeded to investigate
the in vivo effects of ADAMTSI1 on RCC metastasis. Herein, we established a zebrafish
xenograft metastasis model by transplanting Dil dye-labeled Caki-1 cells expressing
shADAMTSI or shCtrl into transgenic Tg (flil: EGFP) zebrafish embryos, resulting in
extensive dissemination of tumor cells. At 2 days post injection, metastatic dissemina-
tion of inoculated cells was captured using fluorescence microscopy (Fig. 2E). In fish that
were inoculated with ADAMTS1-KD Caki-1 cells, trunk and end-tail dissemination of
cells had dramatically decreased compared with fish that were inoculated with control
cells (Fig. 2F), suggesting ADAMTS]1 can promote RCC metastasis in vivo.

EGFR transactivation plays a critical role in ADAMTS1-modulated anoikis resistance

and invasive ability of RCC cells

Activation of growth factor receptors, such as EGFR, TrkB receptor, insulin receptor,
platelet-derived growth factor receptor (PDGFR), vascular endothelial growth factor
receptor (VEGFR), and Met/hepatocyte growth factor receptor (HGFR), was reported to
suppress anoikis [8, 11]. To further investigate the possible mechanisms participating in
ADAMTS1-mediated anoikis resistance and invasive ability of RCC cells, we dissected
the effect of ADAMTSI1 on growth factor receptors using human p-RTK arrays (Fig. 34,
left). Among the 49 phosphorylated RTKs spotted in duplicate, it was shown that EGFR
was the most downregulated with a short exposure time in ADAMTS1-depleted Caki-1
cells compared with control cells. In contrast, p-EGFR was dominantly upregulated in

(See figure on next page.)

Fig. 3 ADAMTST expression activates epidermal growth factor receptor (EGFR) signaling cascades to
promote anoikis resistance of and invasion by Caki-1 renal cell carcinoma (RCC) cells. A Differential expression
levels of phosphorylated receptor tyrosine kinases (RTKs) in cell lysates from AMAMTS1-manipulated Caki-1.
An antibody array (R&D Systems) was used to detect 49 different phosphorylated human RTKs. The left panel
shows representative array blots at a short exposure time (30 s). The right panel shows a quantitative analysis
of phosphorylated (p)-EGFR using a densitometer. Values are presented as the mean = SD. n=2. B-D Caki-1
cells were subjected to knockdown or overexpression of ADAMTS1 to assess protein levels of p-EGFR and
EGFR (B), as well as their downstream signaling cascades (D), using western blotting. Additionally, mRNA
levels of the EGFR were analyzed using a real-time gPCR (C). (E and F) EGFR shRNA was transfected into
ADAMTS1-overexpressing Caki-1 cells as indicated, and cell lysates were collected to detect expressions or
phosphorylation of ADAMTST1, EGFR, ERK, and Stat3 (E). Additionally, cell viability in suspended conditions (F,
left) and the cell invasive ability (F, right) were respectively evaluated by CCK8 and Matrigel invasion assays.
Multiples of differences are presented as the mean =+ SD of three independent experiments. ***p <0.001,
compared with the control group; *p <0.05, #p < 0.001, compared with the ADAMTS1-overexpressing only
group. (G) Dot plot demonstrated the correlation between the single sample gene set enrichment analysis
(ssGSEA) score of “negative regulation of anoikis”and EGFR expression in TCGA-KIRC patients. A Pearson
correlation was performed to evaluate their association and significance. (H) The violin plot indicates that
EGFR expression is significantly higher in tumor cells compared with benign epithelial cells, with a fold
change (FC) of 2.60 and a false discovery rate (FDR) of less than 0.01. (I) Left: EGFR mRNA levels in RCC tissues
were significantly higher than those in normal renal tissues (p < 0.001). Right: a positive correlation between
ADAMTST and EGFR expression in RCC tissues. The kidney cancer dataset was retrieved from the TNMplot
database.
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Fig. 3 (Seelegend on previous page.)

ADAMTS1-overexpressing Caki-1 cells compared with control cells (Fig. 3A, right).
A western blot analysis was performed to further validate whether ADAMTS1 can
modulate EGFR activation in RCC cells. Herein, we observed that p-EGFR (Tyr 1068)
was respectively decreased and increased after ADAMTS1 KD and overexpression in
Caki-1, 786-O, or ACHN cells (Fig. 3B, Additional file 1: Supplementary Fig. 2A, B).
Moreover, downstream signals of activated EGFR, including Src, ERK, and Stat3, were
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also respectively decreased and increased after ADAMTS1 KD and overexpression in
Caki-1 and 786-0O cells (Fig. 3D, Additional file 1: Supplementary Fig. 2D). To our sur-
prise, manipulation of ADAMTSI in RCC cells not only influenced the phosphoryla-
tion but also affected the mRNA and protein expression levels of the EGFR (Fig. 3B,
C, Additional file 1: Supplementary Fig. 2A—C). Next, to dissect the role of the EGFR
in ADAMTS1-modulated RCC progression, we knocked down the EGFR using an
EGFR-specific ShRNA in Caki-1/ADAMTS] cells. We observed that EGFR-KD domi-
nantly reversed ADAMTS]1 overexpression-induced upregulation of p-EGFR and EGFR
(Fig. 3E), as well as increases in anoikis resistance (Fig. 3F, left) and the invasive ability
(Fig. 3F, right). Similar phenomena were also observed in 786-O cells (Additional file 1:
Supplementary Fig. 2E-G). On the other hand, inhibiting the EGFR signaling cascades
by treating EGFR inhibitor, cetuximab, also abolished the ADAMTS1-induced anoikis
resistance (Additional file 1: Supplementary Fig. 3). Additionally, EGFR expression is
positively correlated with the ssGSEA score of “negative regulation of anoikis” pathway
in TCGA-KIRC patients, similar to ADAMTS] (Fig. 3G). These results suggest depend-
ence on the EGFR for ADAMTS]1-regulated cell-anoikis resistance and invasive ability.
Moreover, EGFR-KD also reversed upregulation of ADAMTS1 in ADAMTS1-overex-
pressing Caki-1 and 786-O cells (Fig. 3E, Additional file 1: Supplementary Fig. 2E), sug-
gesting that the EGFR might exert feedback regulation on ADAMTS] expression in RCC
cells. In the scRNA sequencing data, GSE159115, EGER is likewise upregulated in tumor
cells compared with benign epithelial cells (Fig. 3H). From the same TNMplot database
described above, we observed significantly higher EGFR levels in RCC tissues compared
with normal tissues (Fig. 31, left), and EGFR expression in RCC was significantly corre-
lated with ADAMTS]1 expression (Fig. 31, right).

Secreted versican is essential for cyclic ADAMTS1-EGFR axis-promoted anoikis
resistance and invasion of RCC cells

To further investigate the potential mechanisms underlying ADAMTSI1-modulated
anoikis resistance and invasive ability, we analyzed interacting neighbors of ADAMTSI1
using the STRING database (Fig. 4A, left). Among the top ten interactors of ADAMTS],
we identified two proteoglycans of the ECM, versican (VCAN), and aggrecan (ACAN)
(Fig. 4A, right). VCAN and ACAN are recognized as substrates of ADAMTS], influ-
encing cancer progression or metastasis [20, 27, 28]. As illustrated in Fig. 4B, a forest
plot displays the hazard ratio of VCAN and ACAN associated with OS and DSS times
in the ccRCC cohort from TCGA-KIRC dataset. We observed that elevated VCAN, but
not ACAN, was significantly correlated with a worse prognosis in patients with ccRCC
(Fig. 4B). Furthermore, significantly higher VCAN levels in tumor tissues compared with
normal tissues were observed in different RCC cohorts obtained from the TNMplot and
GEO (GSE105288, GSE46699, GSE159115) databases (Additional file 1: Supplementary
Fig. 4A—C). Additionally, VCAN expression levels in RCC tissues were significantly cor-
related with advanced clinical stages (stages III4+1V) and ADAMTS1 expression levels
(Additional file 1: Supplementary Fig. 4D, E), suggesting that VCAN might be involved
in ADAMTS1-induced RCC progression. We then identified which isoforms of VCAN
were present in RCC cells through an RT-qPCR, revealing that VCAN V1 was expressed
much more abundantly than VCAN VO in both Caki-1 and 786-O cells. Neither VCAN
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V2 nor VCAN V3 were observed in either cell line (Additional file 1: Supplementary
Fig. 5A). We subsequently analyzed ADAMTS1-cleaved VCAN (versikine) using anti-
DPEAAE, a specific antibody that detects the neoepitope resulting from proteolysis of
VCAN at the Glu**!-Ala**? site (V1 sequence enumeration) [19]. Our observations indi-
cated that overexpression and KD of ADAMTSI respectively promoted and suppressed
expression of 70-kDa cleaved VCAN in Caki-1 cells (Fig. 4C). Furthermore, secretion of
cleaved VCAN also respectively increased and decreased in CM of Caki-1 cells (Fig. 4D).
To further assess the importance of cleaved VCAN in ADAMTS1-induced EGFR activa-
tion, anoikis resistance, and cell invasion, we knocked down VCAN in ADAMTS1-over-
expressing RCC cells. We found that VCAN-KD significantly rescued VCAN secretion
(Fig. 4E, Additional file 1: Supplementary Fig. 5B), EGFR activation (Fig. 4F, Additional
file 1: Supplementary Fig. 5C), anoikis resistance (Fig. 4G, Additional file 1: Supplemen-
tary Fig. 5D), and invasion promotion (Fig. 4H, Additional file 1: Supplementary Fig. 5E)
induced by ADAMTS1 overexpression in Caki-1 and 786-O cells. Additionally, treat-
ment of both cell lines with CM obtained from ADAMTS1-overexpressing cells also
induced EGFR activation, while CM from RCC cells with ADAMTS]1 overexpression and
VCAN-KD failed to trigger EGFR activation (Additional file 1: Supplementary Fig. 5F).
Importantly, we further utilized an additional shRNA for VCAN-KD and observed
a reversal of the EGFR activation and anoikis resistance induced by ADAMTS1 over-
expression in Caki-1 cells (Additional file 1: Supplementary Fig. 6). Clinically, we also
observed that VCAN expression is positively correlated with ssGSEA score of “negative
regulation of anoikis” pathway in TCGA-KIRC patients (Fig. 4I). Taken together, these
results suggest that EGFR signaling may be triggered by ADAMTS1-mediated cleavage
of VCAN, thereby promoting anoikis resistance and invasion by RCC cells. In vivo, we
also observed a significant reversal of increased tumor metastasis in ADAMTS1-over-

expressing Caki-1 cells when these cells were engineered to express shRNA targeting

(See figure on next page.)

Fig. 4 Versican (VCAN) cleavage is critical for ADAMTS1-mediated epidermal growth factor receptor (EGFR)
activation, anoikis resistance, invasion, and metastasis of renal cell carcinoma (RCC) cells. A ADAMTS1
protein—protein interaction network of ten differentially expressed genes from the STRING database. B The
forest plot illustrates hazard ratios (HRs) and 95% confidence intervals, examining the correlation between
candidate genes [ACAN (aggrecan) and VCAN] and overall or disease-specific survival in patients with RCC.
C and D Western blot and dot plot analyses respectively revealed levels of cleaved VCAN (versikine) (C) and
secretion of ADAMTS1 and versikine (D) in ADAMTS1-manipulated Caki-1 cells. (E and F) Transfection of
VCAN-specific shRNA into ADAMTS1-overexpressing Caki-1 cells led to the collection of conditioned media
and cell lysates for detecting secreted versikine (E) and the expressions or phosphorylation of ADAMTST,
EGFR, ERK, and Stat3 (F). (I) Dot plot demonstrated the correlation between the single sample gene set
enrichment analysis (ssGSEA) score of “negative regulation of anoikis”and VCAN expression in TCGA-KIRC
patients. A Pearson correlation was performed to evaluate their association and significance. G, H, J Cell
viability (G), cell invasive ability (H), and in vivo metastatic potential (J) of Caki-1 cells expressing VCAN or
EGFR shRNA with or without coexpression of ADAMTS1-flag were respectively assessed under suspended
conditions with a CCK8 assay, Matrigel invasion assay, and zebrafish xenograft model. Values are presented
as the mean £ SD of three independent experiments. In G and J, statistical analysis was performed using
Student’s t-test. *p < 0.05, ***p < 0.001, compared with the control group; *p < 0.05, ##p <0.001, compared
with the ADAMTS1-overexpressing only group. In H, data were analyzed using a one-way analysis of variance.
Different letters represent various levels of significance. (K) High expression levels of both the ADAMTST and
VCAN genes were associated with the poorest overall survival in patients with RCC. The p value reflects a
comparison between ADAMTS1"9"/VCANM9" and ADAMTS1"/VCAN®Y. The RCC dataset was obtained from
TCGA
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VCAN or the EGFR (Fig. 4]). In clinical analyses using the same TCGA-KIRC dataset,
Kaplan—Meier curves revealed that patients with RCC with ADAMTS1"8"/VCAN-
high tyumors had significantly shorter survival times compared with patients with
ADAMTS1"/VCAN" " tumors (Fig. 4K), suggesting the pivotal role of the ADAMTS1-

VCAN-EGEFR axis in RCC progression.

The metalloproteinase activity of ADAMTS1 plays a crucial role in inducing the secretion

of cleaved versican, EGFR activation, invasion, and anoikis resistance in RCC cells

The proteolytic cleavage of ADAMTS-1 requires its own metalloproteinase activity
[29]. Herein, Caki-1 and 786-O cells were treated with two variants of the recombi-
nant ADAMTS] protein—one containing the metalloproteinase domain (ZnMc) and
the other lacking it (TSP) (Fig. 5A). We observed that treatment with ZnMc but not
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Fig. 5 The metalloproteinase activity of ADAMTS1 is pivotal in stimulating the secretion of cleaved versican,
activating the epidermal growth factor receptor (EGFR), promoting invasion, and conferring anoikis resistance
in renal cell carcinoma (RCC) cells. A A schematic representation depicting two variants of the recombinant
ADAMTS1 protein: one containing the metalloproteinase domain (ZnMc) and the other lacking it (TSP),
along with a mutant ADAMTS1 expression construct (E402Q). B-E Treatment of Caki-1 cells with or without
the recombinant ZnMc or TSP protein (40 nM) for 24 or 48 h. Subsequently, secretion of cleaved versican,
activation of EGFR signal cascades, invasive abilities, and anoikis were respectively assessed using dot blot
(B), western blotting (C), Matrigel invasion (D), and CCK8 assays. F-1 Cleaved versican secretion (F), EGFR
activation (G), invasive abilities (H), and anoikis (I) were evaluated in Caki-1 and 786-O cells after transducing
wild-type (WT) ADAMTS1, ADAMTS1/E402Q, or a control vector. In D, E, H, and |, values are presented as the
mean = SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, compared with the control
group; 'p<0.05, #¥p < 0.001, compared with the WT ADAMTS1-overexpressing group

TSP1 led to enhanced secretion of cleaved VCAN (Fig. 5B) and activation of EGFR
signaling (Fig. 5C) in both cell lines. Functionally, only ZnMc treatment induced an
increase in the invasive ability (Fig. 5D) and anoikis resistance (Fig. 5E) in both cell
lines, suggesting that the metalloproteinase domain of ADAMTSI is crucial for its
role in mediating VCAN cleavage, EGFR activation, invasion, and anoikis resistance
in RCC cells. To validate these findings, we generated a mutant form of ADAMTSI by
introducing a mutation (E402Q) in the metalloproteinase domain (Fig. 5A), rendering
it inactive. Compared with the overexpression of wild-type ADAMTSI, overexpres-
sion of proteolytic inactive ADAMTSI led to reductions in the secretion of cleaved
VCAN (Fig. 5F), EGFR activation (Fig. 5G), invasive ability (Fig. 5H), and anoikis
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resistance (Fig. 5I) in RCC cell lines. Collectively, these findings suggest that metallo-
proteinase activity is indispensable for ADAMTS1-induced EGFR activation and sub-

sequently promotes the metastasis of RCC cells.
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Fig.6 Tissue inhibitor of metalloproteinase 3 (TIMP3) expression reverses ADAMTS1-induced versican
cleavage, epidermal growth factor receptor (EGFR) activation, and invasion and anoikis resistance of renal
cell carcinoma (RCC) cells. A The pcDNA3-TIMP3 plasmid was transfected into ADAMTS1-overexpressing
Caki-1 and 786-0 cells as indicated, followed by measurement of TIMP3 mRNA levels using an RT-gPCR.
Quantitative results of TIMP3 mRNA levels were normalized to GAPDH mRNA levels. B-E Evaluation of
cleaved versican secretion B, EGFR activation C, invasive abilities D, and anoikis (E in RCC cells overexpressing
ADAMTS1, subsequent to transfection with either a vector control or TIMP3 plasmid. In D and E, the values
are presented as the mean = SD of three independent experiments. *p < 0.05, ***p <0.001, compared with
the vector control group; p < 0.05, #p <0.001, compared with the ADAMTS1-overexpressing group. F
Comparative analysis of TIMP3 mRNA levels among normal renal tissues, primary RCC, and metastatic RCC
as determined by TNMplot. G Examination of TIMP3 gene expression levels in RCC from TCGA based on the
pathological tumor (T), node (N), and metastasis (M) stages
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normalized to that of the control. B Reporters were transfected into Caki-1 and 786-O cells and treated with
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and the relative fold change of RCC-derived CM treatment was calculated. The values are presented as the
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and c-Jun). A normal IgG antibody was used as an immunoprecipitation (IP) control, and 10% whole-cell
lysate was used as the input. E Western blot analysis of p53, ADAMTS1, p-EGFR, and EGFR levels in Caki-1 and
786-0 cells after transducing ADAMTS1-flag or a control vector and treatment with the p53 inhibitor, pifithrin
(PFT)-a (10 uM), or the vehicle for 24 h

Caki-1

TIMP3 plays a critical role in controlling ADAMTS1 activity, thereby modulating versican
cleavage, EGFR activation, and RCC progression

As shown in Fig. 4A, TIMP3 is another of the top ten interactors of ADAMTSI1 and
was reported to be the most potent inhibitor of ADAMTS1 metalloproteinase activity
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within the TIMP family [30]. To further investigate the role of TIMP3 expression in
ADAMTS]1-regulated cell invasive ability and anoikis resistance, we overexpressed
TIMP3 in Caki-1 and 786-O cells with ADAMTSI1 overexpression (Fig. 6A). Over-
expression of TIMP3 markedly reversed the secretion of cleaved VCAN (Fig. 6B),
EGER activation (Fig. 6C), promotion of invasion (Fig. 6D), and resistance to anoikis
(Fig. 6E) induced by ADAMTS1 overexpression in RCC cell lines. In a clinical set-
ting, we observed significantly lower TIMP3 expression in RCC tissues, especially in
metastatic RCC tissues, compared with normal kidney tissues (Fig. 6F). Additionally,
TIMP3 expression levels in RCC tissues were inversely correlated with pathological
TNM (Fig. 6G) and clinical stages (Additional file 1: Supplementary Fig. 7). These
results suggest that TIMP3 acts as a tumor suppressor and a critical determinant for
ATAMTS1-versican—-EGFR cyclic axis-induced RCC progression.

p53 is involved in ADAMTS1-modulated EGFR expression

In addition to EGFR transactivation induced by ADAMTS1, we observed down-
regulation and upregulation of EGFR mRNA in ADAMTS1-KD and ADAMTS1-
overexpressing Caki-1 and 786-O cells, respectively (Fig. 3C, Additional file 1:
Supplementary Fig. 2C). Furthermore, we respectively observed decreased and
increased EGFR promoter activity when we knocked down and overexpressed
ADAMTSI in both cell lines (Fig. 7A), suggesting that ADAMTS1 can transcrip-
tionally regulate EGFR in RCC cells. However, treatment of both cell lines with CM
derived from ADAMTS1-overexpressing cells had no impact on EGFR promoter
activity (Fig. 7B), indicating that expression of EGFR mRNA was not influenced by
secreted ADAMTS]. Apart from extracellular ADAMTS], the presence of ADAMTS1
in nuclei of breast cancer cells was reported [31]. Herein, we also observed that
ADAMTSI1 was present in nuclear fractions of ADAMTS1-overexpressing Caki-1 and
786-0 cells (Fig. 7C). To further elucidate the role of nuclear ADAMTS]1, we inves-
tigated whether ADAMTS]1 was associated with transcription factors (TFs) located
on the EGFR promoter. As shown in Fig. 7D and Additional file 1: Supplementary
Fig. 8, p53 but not WT1 or c-Jun was present in the immunocomplex precipitated
by an ADAMTS1-specific antibody in ADAMTS1-overexpressing Caki-1 and 786-O
cells. p53 was reported to activate the EGFR promoter [32]. To confirm the impor-
tance of p53 in ADAMTS1-modulated total EGFR expression, we used the p53-spe-
cific inhibitor, pifithrin (PFT)-a. PFT-a treatment significantly downregulated p53
expression and reversed ADAMTS]1 overexpression-induced increases in total EGFR
and p-EGFR in Caki-1 and 786-0O cells, suggesting that p53 is involved in ADAMTS1-
modulated EGFR expression in RCC cells (Fig. 7E).

Discussion
Anoikis resistance, linked to invasion and metastasis in various cancers [25, 33, 34],
is a key target for antimetastatic therapies; yet, its molecular mechanisms in RCC
remain poorly understood.

ADAMTS] is one kind of ECM protease, which is implicated in a wide range of mech-
anistic pathways involved in cancer progression and metastasis of different cancer types
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[19]. In our present study, we identified the novel functional role of ADAMTS] in pro-
moting anoikis resistance, invasion, and metastasis of RCC cells in vitro and in vivo.
Anoikis is a particular type of apoptosis induced by loss of cell adhesion to the ECM
or inappropriate cell adhesion [35]. We observed that ADAMTS]1 overexpression and
KD in RCC cells respectively decreased and increased Bim, Bid, Bak, and PARP cleav-
age under suspension conditions. These results suggest that ADAMTSI can suppress
anoikis of detached RCC cells through blocking the mitochondrial pathway.

The proteoglycan VCAN is the most notable substrate of ADAMTSI1 and was identi-
fied as a modulator of adhesion loss, cell motility, and tumor progression. VCAN can be
cleaved by ADAMTSI to release two fragments respectively containing the G1 and G3
domains [19]. The G1 fragment of VCAN was reported to regulate proapoptotic mol-
ecules, thus inhibiting the formation of the apoptotic mitochondrial machinery [36].
In our study, we found that only two of four variants of VCAN (VO and V1) could be
detected in RCC cells, and V1 was expressed at much higher levels than VO. ADAMTS1-
mediated cleavage of V1 generated a small fragment of~70 kDa consisting mainly
of the G1 domain ending with the DPEAAE neoepitope at the C-terminus. VCAN
G1-DPEAAE, also called versikine, actually increased in ADAMTSI1-overexpressing
RCC cells and decreased in ADAMTS1-KD RCC cells. Moreover, the secreted ver-
sikine level was also affected in ADAMTS1-manipulated RCC cells. Furthermore, KD of
VCAN significantly reversed ADAMTS1-induced anoikis resistance of RCC cells. Taken
together, ADAMTS1-modulated anoikis resistance of RCC cells may be dependent on
VCAN V1 cleavage, which subsequently suppressed anoikis via blocking the mitochon-
drial pathway. Whether the death receptor pathway is also involved in ADAMTS1-medi-
ated anoikis resistance needs to be further investigated in the future.

In addition to anoikis resistance, VCAN was reported to promote invasion of several
cancer types, such as gastric and ovarian cancer cells [37, 38]. Herein, we observed that
the ADAMTS1-induced invasion of RCC cells was significantly reversed by VCAN-KD,
suggesting that VCAN also plays a critical role in the ADAMTS1-mediated invasive phe-
notype of RCC cells. From a zebrafish xenograft metastasis model, in fish that were inoc-
ulated with ADAMTS1-overexpressing Caki-1 cells, frequencies of fish showing trunk
and end-tail dissemination dramatically increased compared with fish inoculated with
control cells. We suggest that ADAMTS1-induced dissemination of cancer cells in vivo
might be caused by VCAN-mediated invasion promotion and anoikis resistance.

Unregulated expression of growth factor receptors and their signaling pathways is
linked to tumor malignancy due to hindrance of cell death pathways. Anomalous regu-
lation of receptors like EGFR, TrkB, and HGFR activates prosurvival pathways such as
PI3K/Akt, Ras/MAPK, and Rho-GTPase, fostering metastasis by inhibiting anoikis [11].
Results of the human p-RTK array revealed the downregulation of p-EGFR (p-ErbB1)
in ADAMTS1-KD Caki-1 cells. To validate these findings, we conducted a western blot
analysis, which demonstrated that ADAMTS1-KD and overexpression respectively sup-
pressed and enhanced activation of EGFR and its downstream signals, including ERK
and Stat3 in RCC cells. Total EGFR protein levels were also influenced in ADAMTS1-
manipulated RCC cells. Moreover, EGFR-KD in ADAMTS]1-overexpressing RCC
cells significantly reversed heightened EGFR activation, anoikis resistance, and inva-
sive ability. In in vivo experiments, EGFR-KD markedly reversed ADAMTS1-induced
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dissemination of cancer cells. Surprisingly, we observed that the ADAMTSI level was
also downregulated when EGFR was knocked down, suggesting that EGFR-activated
signaling may exert positive feedback regulation on ADAMTS1 expression. In sum-
mary, our results suggest that cyclic escalation in the ADAMTS1-EGER axis exacerbates
anoikis resistance and invasive capabilities of RCC cells.

Previous research indicated that detachment from the ECM, leading to Bim expres-
sion, requires B1 integrin disengagement, downregulation of EGFR, and inhibition of
ERK signalling [39], while ErbB2 overexpression impedes Bim expression and anoikis
by upregulating o5 integrin and activating Src [40]. Additionally, ErtbB2 overexpression
was demonstrated to rescue both the EGFR and 1 integrin proteins through ERK and
Sprouty2, thereby stabilizing the EGFR in ECM-detached cells [41]. Although our obser-
vations showed that ADAMTSI can induce EGFR protein upregulation, Src and ERK
activation, and anoikis resistance in RCC cells. Our p-RTK array also revealed down-
regulation of p-ErbB2 in ADAMTS1-KD Caki-1 cells (Additional file 1: Supplementary
Fig. 9). A western blot analysis further confirmed that p-ErbB2 levels were downregu-
lated in ADAMTS1-KD RCC cells (Additional file 1: Supplementary Fig. 9B). Further
investigation is needed to determine whether ErbB2, Sprouty2, and integrin also play
roles in ADAMTS1-modulated EGFR protein expression and anoikis resistance in RCC.

Regarding the interplay between ADAMTS1-mediated EGFR activation and VCAN
cleavage, we observed that knocking-down VCAN significantly reversed the ADAMTS1
overexpression-induced phosphorylation of EGFR, ERK, and Stat3 in RCC cells. This
suggests that VCAN cleavage plays a crucial role in ADAMTS1-mediated EGFR activa-
tion. Cleaved G3-VCAN, which contains two EGF-like repeats, was reported to activate
the EGFR and stimulate proliferation through its EGF-like motifs [19]. It was demon-
strated that brain tumor cells overexpressing a G3 mutant lacking two EGF-like motifs
lost their characteristic of anchorage-independent growth [42]. These findings suggest
that ADAMTS-1-mediated cleavage of VCAN generates cleaved G3-VCAN, further
inducing EGFR-mediated anoikis resistance in RCC cells. Moreover, it was reported that
integrin 1 binds to the G3 domain of VCAN [43], and integrins have the capability to
form clusters with the EGFR, consequently influencing the intensity of EGFR-induced
downstream signaling, such as ERK activation [44]. The involvement of integrins in
ADAMTS1-VCAN axis-mediated EGFR activation, anoikis resistance, and invasion of
RCC cells requires further investigation in future studies.

To further understand the functional aspects of ADAMTS]1 in VCAN cleavage, inva-
sion, and promotion of anoikis resistance, we observed that inactivating the metal-
loproteinase activity of ADAMTSI1 with an E402Q mutation significantly reduced the
enhanced VCAN cleavage, invasive ability, and anoikis resistance in RCC cells. This sug-
gests that the catalytically active metalloproteinase domain of ADAMTSI plays a critical
role in ADAMTSI1-induced tumor metastasis. It was reported that TIMP3 is the most
potent endogenous inhibitor of ADAMTS]1 metalloproteinase activity in the TIMP fam-
ily [30]. Overexpression of TIMP3 can significantly reverse ADAMTS1-induced activa-
tion of the VCAN-EGER axis, invasion, and anoikis resistance of RCC cells. Notably,
we observed a reduction in TIMP3 expression in RCC tissues, especially in metastatic
tumors, which was inversely correlated with the metastasis status of RCC. Similar to
our findings, it was reported that most ccRCC cases exhibit loss of TIMP3, which was
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Fig. 8 Schematic presentation depicting the ADAMTS1-VCAN-EGFR axis in promoting the anoikis resistance
and invasive abilities of renal cell carcinoma (RCC). ADAMTST mediates the proteolytic cleavage of VCAN

V1, thereby activating EGFR cascades to promote anoikis resistance and invasion of RCC cells. Moreover,
ADAMTST interacts with p53 to modulate EGFR expression. EGFR-driven signaling might potentially

reinforce ADAMTS1 expression through positive feedback. Bold dashed oval and arrow indicate hypothetical
molecules and pathways that participate in ADAMTS1-mediated EGFR activation or expression. The cyclic
elevation of ADAMTS1 and EGFR exacerbates anoikis resistance and invasiveness in RCC cells

attributed to hypermethylation of the TIMP3 promoter [45]. Additionally, transform-
ing growth factor (TGF)-p was demonstrated to induce TIMP3 expression, and strong
correlations with expressions of TGFBRII and TIMP3 were observed in ccRCC speci-
mens [45]. In esophageal cancer cells, loss of TGF-3 was shown to activate ADAMTS1-
mediated EGF-dependent invasion [46]. Taken together, the TGF-p—TGFBRII-TIMP3
axis may serve as a critical determinant in modulating RCC metastasis induced by the
ADAMTS1-VCAN-EGER axis.
Although ADAMTS1 was initially characterized as a secreted protease located in
the ECM, recent findings by Silva at al. suggested that ADAMTS]1 exhibits proteolytic
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activity within nuclei of breast cancer cells [31]. In our current investigation, we also
observed nuclear expression of ADAMTS1 in RCC cells. Our study is the first to demon-
strate that ADAMTSI forms a complex with p53, thereby influencing EGFR expression
and activation in Caki-1 and 786-O RCC cells. Notably, Caki-1 cells harbor wild-type
p53, whereas 786-O cells possess mutations within the DNA-binding domain (DBD) of
p53 [47]. It was previously reported that both wild-type and tumor-derived mutant p53
can activate the EGFR promoter [32]. Moreover, Ho at al. recently proposed that muta-
tions in the DBD of p53 can sustain levels of p-EGFR in nuclei by disrupting the bind-
ing of the tyrosine phosphatase, SHP1 [48]. Investigating the underlying mechanism by
which the ADAMTS1-p53 complex regulates EGFR expression and activation will be a
focus of our future research endeavors.

Conclusions

In this study, we discovered a novel mechanism by which ADAMTSI regulates tumor
metastasis by inducing resistance to anoikis and invasion in RCC cells (Fig. 8). The
ADAMTS1-EGER cyclic axis serves as a promoter of tumor metastasis in RCC, with
TIMP3, VCAN, and p53 being critical determinants involved in the execution of the
prometastatic effect of the ADAMTS1-EGER axis.
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