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ADAMTS Proteases: Their Multifaceted Role in the Regulation of Cancer
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Abstract: Cancer leads to nearly 10 million deaths worldwide per year. The tumour microenvironment (TME) is fundamental for
tumour growth and progression. A key component of the TME, the extracellular matrix (ECM) has recently become a focus of
interest in cancer research. Dysregulation of ECM synthesis and proteolysis leads to uncontrolled tumour growth and metastasis.
Matrix remodelling enzymes, secreted by cancer cells and stromal cells, modify the overall structure and organisation of ECM
proteins, therefore influencing biochemical interactions, tissue integrity and tissue turnover. While A Disintegrin and Metallopro-
teinases (ADAMSs)’ and matrix metalloproteinases’ role in cancer has been deeply investigated, other proteolytic enzymes, like
ADAMs with thrombospondin(-like) motifs (ADAMTSs) have been gaining interest due to their roles in modulating cancer cell-
ECM interactions and oncogenic signalling pathways. In this review, we will discuss the dysregulation of ADAMTSs in cancer
and their roles in regulating cancer development and progression, via ECM remodelling and cell signalling modulation.
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Introduction

The tumour microenvironment (TME) critically influences tu-
mour growth and metastasis. It is composed of a variety of cell
types, including tumour cells, stromal cells, blood vessels and in-
flammatory cells. In addition, the extracellular matrix (ECM) is
an essential non-cellular component of the TME, which supports
cell-cell and cell-matrix crosstalk under both normal and patholo-
gical conditions. During tumorigenesis, the ECM can modulate
all the hallmarks of cancer"
pression of ECM proteins, such as collagens, and altered remod-
elling, mediated by ECM degrading enzymes. Several protease
families have been implicated in ECM degradation. The function
of matrix-metalloproteinases (MMPs) and A disintegrin and
metalloproteinases (ADAMs) has been extensively characterised
in tumorigenesis. Indeed, dysregulation of these proteases was
found to promote tumour progression by supporting ECM remod-
elling, angiogenesis, cancer cell migration and invasion, and dis-
ruption of cancer-associated immune reactions'™). Since these
proteases have been found relevant to the progression of several
types of cancer, they were considered as potential targets for can-
cer diagnosis and therapy. Additionally, the tissue inhibitors of
metalloproteinases (TIMPs) were exploited for therapeutic pur-
poses in cancer, due to their ability to inhibit the catalytic activit-

via both altered organisation and ex-
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ies of MMPs and ADAMs'™. This review will consider the fam-
ily of metalloproteinases a disintegrin and metalloproteinase with
thrombospondin(-like) motifs (ADAMTS) and its roles in cancer
biology.

ADAMTS family consists of 19 secreted enzymes that can
have one of or more thrombospondin motifs. Since Kuno’s first
identification of an ADAMTS member™, they have been studied
for their catalytic activity in different diseases, while over the last
decade the research interest in their involvement in cancer has in-
creased. Their structure and function have been extensively re-
viewed®”. All ADAMTS members share the same domain or-
ganisation. Starting from the N-terminus, they contain a signal-
peptide, a pro-region, a metalloproteinase domain, a disintegrin-
like domain, a central thrombospondin type 1 motif, a cysteine
rich domain, and a spacer region. All ADAMTSs, except
ADAMTS4, have multiple thrombospondin type 1-like motif
(TSR-1) following the spacer region and some will have unique
domains at their C-terminus. These ancillary domains are thought
to modulate ADAMTS activity, substrate specificity and tissue
localisation, which is why structurally similar ADAMTSs could
show similar catalytic activity (Fig. 1). ADAMTSI, 4, 5, 8, 9, 15
and 20 have been classified as proteoglycanases, ADAMTS2, 3
and 14 as propeptidases, ADAMTS13 as von Willebrand factor-
cleaving protease, ADAMTS7 and 12 as Cartilage oligomeric
matrix protein proteinases, ADAMTS16 and 18 has been re-
cently reported to cleave fibronectin (FN)*” while the substrate
of ADAMTSG6, 17 and 19 have not been defined yet. Activation
of ADAMTS catalytic activity varies across the family. Most
ADAMTSs, like ADAMTS4 and 5, become activated by cleav-
age of the pro-domain. Others, like ADAMTS13 and ADAMTS7,
can cleave specific substrates with their pro-domain intact. It is
these variety in substrate specification, tissue localisation, activa-
tion and inhibition” that, interestingly, allows ADAMTSs to
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Fig. 1. ADAMTS Family.
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Schematic representation of the structure of the 19 different ADAMTS family members. They all share the same domain organization and some members have have unique do-

mains at their C-terminus. The diagram is not to scale. Figure adapted from .

have both tumour promoting and tumour suppressing roles de-
pending on the cancer type.

ADAMTSs play an important role in embryonic development,
as different family members have been shown to control palate
closure, interdigital web regression, cardiac development and
morphogenesis, eye development, ciliogenesis, skin pigmenta-
tion and connective tissue turnover'*'%. In addition, several re-
cessive genetic disorders are associated with mutations in
ADAMTS genes, as reviewed in!"”. The role of ADAMTSs has
been extensively studied in osteoarthritis, a disease characterised
by bone inflammation, leading to degeneration and loss of cartil-
age function. In this context, different members of the ADAMTS
family have been shown to contribute to ECM remodelling, car-
tilage degeneration and synovial inflammation''”. In this review,
we will summarise the changes in ADAMTS expression associ-
ated with cancer progression and will explore the molecular
mechanisms through which ADAMTSs can control tumour pro-
gression, by focusing on their role in directly modulating the
TME and the ECM and indirectly controlling key signalling path-
ways, predominantly by the modulation of growth factor availab-

ility.

ADAMTS expression is deregulated in cancer

To provide a general overview of the changes in ADAMTS ex-
pression in cancer, we performed a pan-cancer analysis using
TNM plotter (Fig. 2) "®. Red represents upregulation and blue
represents downregulation in tumours compared to the corres-
ponding healthy tissue. The biggest changes in ADAMTS expres-
sion are observed in breast (BC), lung (LC), ovarian (OC), pan-
creatic (PDAC) and thyroid cancer. Strikingly, while most

ADAMTS family members are upregulated in PDAC, there
seems to be a differential regulation of different ADAMTSs in
most cancertypes. Moreover, ADAMTS14 and 18 are upregu-
lated in most cancers, while ADAMTSI, 8, 9, 10 and 15 are
downregulated across the board. ADAMTS20 does not appear to
be differentially regulated in any cancer.

Interestingly, most family members are downregulated in tu-
mours, compared to normal tissues (Fig. 2). Evidence suggests
that this downregulation is predominantly due to promoter hyper-
methylation. Indeed, the expression of ADAMTSS, 9, 12, 16, 18
and 19 was found to be reduced through methylation in the CpG
islands in the promoter region in LC, BC, gastric (GC), colorectal
(CRC), PDAC, prostate cancer (PC) and renal cell carcinoma
(RCCO)™* Treatment with a DNA methyltransferase (DNMT)
inhibitor or the demethylating agent 5-aza-2 ' -deoxycytidine
(ADC) restored ADAMTSS, 9, 12 and 18 expressionl'*?**2-3,
ADAMTSS levels were also restored upon double knockout of
DNMT! and DNMT3B in CRC cells"**". Moreover, in GC cells,
DNMT3A was identified as the primary methyltransferase medi-
ating ADAMTS9 promoter hypermethylation, as decreased ex-
pression of DNMT3A increased ADAMTS9 expression. Mechan-
istically, the ubiquitin ligase ring finger protein 180 (RNF180)
promoted DNMT3A proteasomal degradation. RNF180 is a tu-
mour suppressor found downregulated in GC. Therefore, in the
absence of RNF180, DNMT3A is upregulated and suppresses
ADAMTS9 expression™. These data suggest that different
methyltransferases are likely to regulate the expression of differ-
ent ADAMTS members and/or they are cancer type specific. Fur-
ther exploration of the mechanisms behind the hypermethylation
and downregulation of ADAMTSs is therefore needed. Interest-
ingly, there was a significant association between ADAMTSS
methylation status and GC lymph node metastasis''”. As two DN-
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Fig. 2. ADAMTS Pan-cancer analysis.

RNAseq expression values of ADAMTS family members in different tumour types and the corresponding healthy tissues were collected from online databases (GEO, GTex,
TCGA and TARGET) and were analysed using TNM plotter!'”.. Log2 fold changes are presented, the size of the dot represents the p value.

MT inhibitors have been approved by the Food and Drug Admin-
istration®"), it would be interesting to test whether these could be
effective in cancer models, such as LC, BC, GC, CRC and
PDAC, whether the inactivation of several members of the
ADAMTS family has been shown to occur through promoter
methylation.

In addition, ADAMTSS8 expression was reported to be regu-
lated by the transcription factor GATA1. GATA1 expression was
found significantly downregulated in LC samples compared to
healthy tissues and this correlated with reduction in ADAMTSS
levels®™.

Other than promoter methylation, a group of small non-coding
RNA termed microRNAs (miRNAs) was also found to regulate
ADAMTS expression post-transcriptionally in BC. This occurs
through binding to the mRNA and translation inhibition™”. miR-
365 was found to directly suppress ADAMTSI1 expression. BC

42

cell lines treated with miR-365 mimics showed significantly re-
duced ADAMTSI levels, while cells treated with miR-365 inhib-
itors showed significantly increased ADAMTS1 expression. In-
troducing miR-365 in BC cells overexpressing ADAMTS1 re-
stored the proliferation and invasion ability which was inhibited
by ADAMTS 1Y, In contrast, miR-365 was reported to be down-
regulated in BC tissues and triple negative BC cell lines, com-
pared to pre-cancerous samples and non-transformed mammary
epithelial cells™. In this context, miR-365 overexpression sup-
pressed cell proliferation, migration and invasion, through the in-
hibition of ADAMI0 expression™”. More research is needed to
clarify the reason behind these inconsistent results. Similarly,
miR-221-3p, found upregulated in several cancer types, was
found to suppress the expression of ADAMTS6 in MCF-7

Despite the fact that ADAMTSS has been mainly reported to
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be downregulated in cancer, BC patients with low levels of
ADAMTSI15, in combination with high ADAMTSS expression,
showed the worst prolonged relapse-free survival®”. Both pro-
teases are components of the proteoglycanase subfamily, sharing
high sequence similarity, suggesting that catalytic-independent
roles of the proteases might play a role in this context. Similarly,
ADAMTS12 and ADAMTS?2 could potentially be co-regulated in
GC, where both have been reported to be upregulated™. These
proteases belong to different ADAMTS subfamilies, suggesting
that they might play complementary roles in driving tumour pro-
gression. This suggests a close interplay between different
ADAMTS family members, which warrant further research.

Immunohistochemical analysis of normal and cancerous tis-
sues in CRC patients showed a decrease in ADAMTS1S5 expres-
sion in tumours compared to normal. In addition, ADAMTSI15
was found to be mutated in a small set of CRCs. In particular, the
G489fs mutation results in a protein that lacks the last two throm-
bospondin-1 motifs. This mutation was shown to compromise the
plasma membrane association of ADAMTSI5, as only the
G489fs form was found secreted in the conditioned media and as-
sociated with the ECM. Interestingly, in vitro studies showed re-
duced colony formation and cell invasion when wild-type
ADAMTSI15 was expressed in CRC cells compared to G489fs,
suggesting that the mutation abrogates the tumour suppressive
functions of ADAMTS15%%. Further work is required to determ-
ine the molecular basis behind ADAMTS15 tumour suppressive
role in CRC, and whether this is dependent on its aggrecanase
activity.

Other ADAMTS members have been found deregulated in
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Fig. 3. ADAMTSs expression in cancer.

cancer patients, but no regulation mechanism has been identified.
ADAMTSI1 and 5 expression level was found significantly in-
creased in malignant and borderline ovarian tumour samples
compared to benign tumours, suggesting they might play a role in
OC metastasis'™”. Likewise, high ADAMTS5 expression levels in
CRC patients are correlated to cancer lymphatic invasion and
lymphatic metastasis™*], suggesting a link between ADAMTS5
and CRC progression. In PC, mRNA levels of ADAMTSI, 8 and
9 were found to be reduced in prostatic carcinoma cell lines
(PC3, DU145 and LNCaP) compared to prostatic stromal cells
from benign prostatic hyperplasia patients (BPH), while
ADAMTS15 mRNA expression was higher in carcinoma cells
and ADAMTS4 and 5 were not detectable in cancer cells but
present in BPH samples'*”.

Data from the literature mostly corroborate our RNA-seq ana-
lysis. Indeed, ADAMTS are mostly downregulated in PC, BC,
CRC and LC, while they are upregulated in PDAC (Fig. 3). Over-
all, ADAMTS proteases are dysregulated in a variety of ways de-
pending on the cancer type. Importantly, ADAMTSs can be de-
tected in body fluids and could therefore represent novel bio-
markers. Indeed, ADAMTS7 was detected in the urine of blad-
der cancer patients™; while reduced serum levels of
ADAMTSI18 correlated with high tumour stage, positive lymph
node metastasis, distant metastasis and shorter overall survival in
cervical cancer patients™. Upregulation of cell-free ADAMTSS
mRNA was detected in the plasma from LC patients, compared to
healthy controls™. Finally, targeted proteomics was used to
identify an ADAMTS15-containing serum protein signature in re-
sectable GC patients™. As most of the data are correlations
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Schematic representation of the deregulation of ADAMTS family member expression in different cancer types. Upregulated ADAMTSs are marked in red and downregulated
ADAMTS are marked in blue'”***”, DNMT, DNA methyltransferase. Image generated with elements from Servier Medical Art, licensed under CC BY 4.0.
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between ADAMTS expression and patient outcomes, more mech-
anistic studies are needed to demonstrate a causative role of
ADAMTS expression/downregulation in driving cancer progres-
sion.

ADAMTSs modulate the TME to control tumorigenesis

The ECM provides both biochemical and structural support for
cells within tissues, being responsible for cell-cell communica-
tion, adhesion and proliferation. While during early tumour
progression the ECM can function as a physical barrier that en-
capsulates the primary tumour mass, preventing tumour growth,
at later stages the ECM plays a tumour promoting role, support-
ing all the hallmarks of cancer'. The ECM is composed of a
variety of proteins, including proteoglycans (versican, brevian,
neurocan and aggrecan), collagens and glycoproteins (such as
FN, vitronectin and laminin). The core matrisome is formed by
over 300 proteins, as defined in the matrisome project®*”. Can-
cer cells and cancer associated fibroblasts (CAFs) can secrete
matrix-degrading enzymes. ECM degradation and remodelling by
these enzymes favour cell migration and invasion, leading to can-
cer progression. Proteases, MMPs, plasmin and cathepsins,
among others, are ECM-degrading enzymes that are able to
cleave different ECM substrates like collagens, FN, and
laminins™®". Moreover, cleaved ECM fragments, known as ‘mat-
rikines’ can function as signalling molecules to support multiple
cell behaviours, including proliferation, migration and protein
synthesis'®. Proteases are normally fine-tuned by their endogen-
ous inhibitors, such as TIMPs and a2-macroglobulin to maintain
homeostasis, but deregulation of this process often occurs during
pathogenesis'®). In this section, we highlight how deregulated
activity of ADAMTS family members (both in cancer and
stromal cells) impacts on tumour development by modulating
ECM component degradation and cell-ECM interaction.

ADAMTS-dependent ECM remodelling in cancer progres-
sion

PC stroma is enriched in hyaluronan and versican, and this is as-
sociated with metastatic progression. In vitro, highly metastatic
PC cell lines PC3 and DU145 treated with prostate fibroblast
conditioned media containing versican, aggrecan and hyaluronan
were observed to assemble and rearrange a pericellular matrix,
which promoted cell motility!®’!. Interestingly, versican depos-
ition has been shown to promote cell migration by preventing cell
adhesion to FN, therefore driving cell motility™™. More recently,
ADAMTS9-dependent versican cleavage has been found to mod-
ulate smooth muscle cell adhesion to the ECM™, These data sug-
gest a potential mechanism through which changes in ECM com-
position might drive PC cells invasion, leading to metastatic
spread. In this context, we can envisage that loss of expression of
ADAMTS:s responsible for versican cleavage might foster versic-
an accumulation and therefore cell migration. Consistent with
this, ADAMTSI1 was reported to be downregulated in PC (Fig. 2
and 3). Moreover, stromal expression of ADAMTSI, 5, 9 was al-
most completely lost, while the expression of TIMP-3 and versic-
an was upregulated, in response to elevated transforming growth
factor beta (TGFP) stimulation in vitro'?. This suggests that elev-

ated versican deposition observed in PC could be due to the up-
regulation of TIMP-3 and the concomitant downregulation of
ADAMTSs, leading to reduced ADAMTS proteolytic activity,
therefore leading to versican accumulation (Fig. 4A). It would
therefore be interesting to directly test the role of ADAMTSs in
promoting versican accumulation and assess how ADAMTS in-
hibition impinges on versican-driven PC cell migration in vitro
and in vivo. Furthermore, TGFB1 has been shown to promote ver-
sican secretion from stromal cells™?, while stromal accumulation
of versican in tumours has been associated with increased inflam-
mation®. Therefore, ADAMTS-dependent regulation of versic-
an levels could potentially impact on the immune regulation of
the TME.

Similarly, versican was found upregulated in OC stroma and
high expression correlated with poorer overall and progression-
free survival, as well as chemotherapy resistance. In vitro, stimu-
lation of OC cells with versican-containing conditioned media
seemed to increase cell invasion®. The role of versican cleavage
has not been investigated in this work, but it would be interesting
to determine whether (a) intact versican is mediating the pro-tum-
origenic effect, and therefore ADAMTSs would be tumour sup-
pressor in this context, or (b) versican cleavage is required, mean-
ing that ADAMTSs might be modulating versican activity. Con-
sistent with the latter hypothesis, versican cleavage product ver-
sikine has been suggested to play a role in cancer
inflammation'®). Indeed, while intact versican is mostly immun-
osuppressive, versikine has been shown to promote T cell infiltra-
tion and conventional dendritic cell generation in the peritumoral
stroma in LC, overcoming resistance to immunotherapy!".

ADAMTSS, and to a lesser extent ADAMTS4, was identified
to modulate BC cell migration through the cleavage of the gly-
coprotein fibulin-2"""". In particular, while the overexpression of
fibulin-2 prevented BC cell invasion, the co-expression of fibulin-
2 and ADAMTS4 and 5 strongly promoted the invasive pheno-
type. Interestingly, conditioned media from BC cells overexpress-
ing both fibulin-2 and ADAMTSS strongly promoted fibroblast
activation and invasion, suggesting a broader role of ADAMTSS
in shaping the TME to potentially drive metastasis’". Remark-
ably, ADAMTS12 was found to bind to fibulin-2 and protect it
from being degraded by ADAMTS4 and 5, showing a tumour
suppressive behaviour™. Consistently, the expression of
ADAMTSI2 prevented ADAMTS5-induced invasion in vitro!
and opposed tumour growth in vivo in xenograft experiments in
nude mice!’™. These observations raise the intriguing hypothesis
that the interplay between different ADAMTS family members
contributes to both controlling the invasive abilities of cancer
cells and shaping the stroma in BC, leading to the formation of a
pro-tumorigenic TME (Fig. 4B). It will also be interesting to in-
vestigate the interplay between different ADAMTS substrates, as
versican is also overexpressed in BC! and its cleavage by
ADAMTSs could play a role also in BC progression.

In OC patients, mutations in ADAMTS family members (1, 6,
9, 13, 15, 16 and 18) have been associated with platinum-based
chemotherapy sensitivity. Among them, ADAMTS16 muta-
tion is the most frequent. ADAMTS16 missense mutations loc-
ated on the TSR-1, ADAM Spacer 1, protease and lacunin, or non-
functional designated domains were generated and tested. These
mutations inhibited OC cell growth, migration and invasion, and
sensitised OC cells to cisplatin. Conversely, expression of WT
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Fig. 4. ADAMTSs modulation of the TME.

Breast cancer
cell invasion

A. In PC, CAF secreted TGFp enhances TIMP3 leading to inhibition of ADAMTSI, 5 and 9 and accumulation of versican (VCAN). Versican and hyaluronic acid (HA) for a

pericellular matrix that encapsulates PC cells further enhancing cancer metastasis.

B. In BC, ADAMTS4 and 5 cleavage of fibulin-2 leads to higher cell invasive phenotype, in both BC cells and fibroblasts. This is inhibited by ADAMTS12 binding to fibulin-2.
C. ADAMTS3 secreted by myoepithelial cells inhibits BC cell invasion through cleavage of fibronectin (FN).

D. ADAMTSI1 was found to cleave syndecan-4 (SDCN4) in OC promoting invasion.

ADAMTSIS increases cell membrane expression of syndecan-4, in BC, potentially by inhibiting ADAMTS1. ADAMTSs have been colour coded based on cancer type, light
blue for PC; pink for BC; and teal for OC. Image generated with elements from Servier Medical Art, licensed under CC BY 4.0.

ADAMTS16 promoted cisplatin resistance. In an orthotopic
mouse model, mutated ADAMTS16 cells showed a better re-
sponse to cisplatin, confirming the role of ADAMTSI16 in
chemotherapy resistance’””. Therefore, as the overexpression of
WT ADAMTS16 led to drug resistance, it would be interesting to
further investigate the molecular mechanisms behind this. FN has
recently been identified as an ADAMTS16 substrate, where
ADAMTS16-mediated FN cleavage opposed FN
fibrillogenesis'™. Interestingly, ECM molecules have been implic-
ated in etoposide resistance in retinoblastoma cell lines, where re-
duced FN expression, among others, was detected in resistant
cells”®. This raises the intriguing hypothesis that ADAMTS16
might regulate drug sensitivity through the modulation of FN
abundance in the TME.

Other ADAMTS substrates were found associated with cancer
development through bioinformatic analyses. ECM organisation
and structural components such as collagen I, III, V and fibrillin-
1 were found enriched and associated with ADAMTS12 expres-
sion in GCP®. In addition, a cohort study which analysed 114
RCC patients samples collected from 1990 to 2005 from the
Mayo Clinic Rochester has found that ADAMTS12 together with
other ECM components, such as lumican and laminin-2, were up-
regulated in metastatic tumours compared to primary tumours' .
Altogether, these pieces of evidence support the idea that AD-
ATMSs might modulate tumour progression by regulating ECM
cleavage in the TME. Given the importance of the ECM in can-
cer progression and its role in therapy resistance, it is fundament-

al to further characterise how different ADAMTSs impinge on
ECM remodelling, as the TME and the ECM are currently being
exploited as novel therapeutic targets in cancer.

ADAMTSs in cancer-associated stromal cells

Cancer-associated fibroblasts play an important role in the TME.
They interact with cancer cells and mostly favour tumour pro-
gression through secreting ECM components and modifying en-
zymes, including ADAMTSs. Importantly, normal fibroblasts can
also be present in the TME and exert tumour suppressive func-
tions”™. For instance, even if ADAMTS12 has been found si-
lenced in CRC cells, its expression was higher in stromal cells
surrounding the tumour. Co-culture experiments using colon
fibroblasts and CRC cell lines showed a strong induction in
ADAMTSI12 expression compared to fibroblasts alone, which
was dependent on TGFp signalling. Importantly, the co-culture
with fibroblasts strongly impaired CRC cell growth and pro-
moted apoptosis, suggesting that this might represent a protect-
ive response to counteract the epigenetic silencing of
ADAMTSI2 in CRC cellsP?. It is important to note that the dir-
ect involvement of ADAMTS12 in growth suppression, as well
as the molecular mechanisms behind this, have not been elucid-
ated. A more recent study also localised ADAMTSI12 in fibro-
blasts and macrophages located around CRC cells at the invasive
margins and reported that low levels of ADAMTSI12 in the
stroma resulted in poor overall survival of CRC patients, support-
ing the hypothesis that stromal ADAMTS12 opposes tumour pro-
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gression””). Tt is tempting to speculate that upregulation of

ADAMTSI12 in fibroblasts could be induced by cancer cells dur-
ing the early stages of tumour development, while at later stages
more aggressive cancer cells prevent stromal accumulation of
ADAMTSI12. It would be interesting to determine how cancer
cells affect protease stromal expression, as well as the molecular
mechanisms through which ADAMTS12 opposes cell growth.

In BC, ADAMTS3 has been shown to be downregulated in
myoepithelial cells at the ductal carcinoma in situ stage. As in
this context ADAMTS3 directly cleaves FN, the loss of
ADAMTS3 expression results in FN accumulation (Fig. 4C),
which promotes cancer cell migration via the interaction with a5
integrin, resulting in the transition to invasive carcinoma™®”. Alto-
gether, these highlight the multiple roles that ADAMTS family
members play in the tumour microenvironment, in addition to
directly affecting cancer cell behaviours.

ADAMTSs regulate cell-ECM interaction in cancer

Cells interact with the ECM through a variety of plasma mem-
brane receptors, including integrins and proteoglycans of the syn-
decan family. In OC, treatment with conditioned media from
either ADAMTS1 WT or a catalytically inactive (CI) mutant in-
hibited fibroblast migration. This suggests that the enzymatic
activity of ADAMTSI is not required for its anti-migratory prop-
erties. Consistently, ADAMTS1 KO cells showed increased cell
migration, accompanied by an increase in adhesion signalling
mediated by Src and focal adhesion kinase (FAK). In addition,
ADAMTSI deletion promoted the polarised activation of Cdc42
at the leading edge™", suggesting that secreted ADAMTS1 might
control cell migration through the modulation of adhesion sig-
nalling and cell polarity. It is possible that this effect is mediated
by syndecan-4, as this plasma membrane proteoglycan has been
reported to be cleaved by ADAMTSI, resulting in syndecan-4 ec-
todomain shedding™. Syndecan-4 is an integrin co-receptor,
which promotes adhesion signalling, small GTPase activation at
the leading edge and cell migration. Therefore, it would be inter-
esting to test whether ADAMTS1 KO-driven cell migration re-
quires syndecan-4 function.

Similarly, the overexpression of either the full length
ADAMTSI15 or a CI mutant decreased BC cell adhesion and mi-
gration on FN or laminin, but not on collagen 1. This indicates
that ADAMTS15 suppresses BC cell migration independently of
its aggrecanase activity, but in an ECM-dependent manner™.
Mechanistically, ADAMTS15 WT or CI overexpression in-
creased the surface levels of syndecan-4 and syndecan-4 knock-
down opposed ADAMTS15-driven inhibition of BC cell migra-
tion. As ADAMTSI15 has a much weaker enzymatic activity
compared to other ADAMTSs, it is intriguing to hypothesise that
the pericellular accumulation of ADAMTSI15 could prevent
ADAMTSI1-dependent syndecan-4 cleavage and shedding, there-
fore resulting in its accumulation at the plasma membrane. It has
been reported that either excessive accumulation or complete loss
on syndecan-4 impairs cell migration®®". Therefore, the fine bal-
ance between ADAMTS1 and ADAMTSI1S could represent a
mechanism to precisely tune the levels of syndecan-4 at the
plasma membrane, to drive cancer cell migration (Fig. 4D). Addi-
tionally, tail vein injections of ADAMTSI15 WT- and Cl-express-
ing cells led to the formation of fewer liver micrometastases,

compared to control cells, consistent with the ADAMTS15 anti-
migratory effects observed in vitro. Surprisingly, the overexpres-
sion of ADAMTS15 WT, but not CI, promoted lung metastasis
formation, indicating opposite roles of ADAMTSI15 in the regula-
tion of metastasis formation in vivo, as well as differential re-
quirements of ADAMTSI1S5 catalytic activity depending on the
metastatic site™). This could be driven by specific ECM signa-
tures at different metastatic sites and further work is required to
elucidate the molecular mechanisms through which ADAMTS15
controls metastasis formation.

ADAMTS:s regulate cancer progression through inter-
actions with multiple signalling pathways

Epithelial-to-mesenchymal transition (EMT) is a process in-
volving loss of epithelial features, such as cell-cell and cell-ECM
adhesion, E-cadherin and B, integrin expression, and gain of mes-
enchymal properties, including the expression of vimentin, FN, f,
and B, integrins®™”. Core EMT transcription factors modulate the
acquisition of the mesenchymal properties that cancer cells gain
during EMT, leading to the activation of signalling pathways that
will maintain the phenotype®®. Over-activation of signalling
pathways such as Wnt/B-catenin, TGFp, mitogen-activated pro-
tein kinase kinase (MEK)/extracellular signal-regulated kinase
(ERK), phosphoinositide 3-kinase/protein kinase B (PI3K/AKT)
and nuclear factor kappa B (NF-xB) has been widely reported to
contribute to cancer cell survival and the acquisition of a meta-
static phenotype’®”. Interestingly, ADAMTS family members
have been found to associate with cytokines and growth
factors™, thereby modulating downstream signalling pathways.

ADAMTSs regulate EMT to promote invasion and metastasis
ADAMTSs were found to contribute to EMT, in a context-de-
pendent manner. ADAMTS1 was found to be upregulated in LC
and to promote EMT in non-small cell LC cells, both in vitro and
in vivo. Overexpression of ADAMTS] resulted in increased mi-
gration and invasion, coupled with downregulation of E-cadherin
and upregulation of the mesenchymal markers N-cadherin and vi-
mentin. Conversely, ADAMTS1 knock-down impaired EMT and
cell migration. Moreover, the subcutaneous injection of
ADAMTSI1 overexpressing cells in nude mice resulted in more
lung metastasis compared to control cells. Mechanistically,
ADAMTSI1 promoted EMT through the activation of TGFf sig-
nalling (Fig. 5A), as TGFP pharmacological inhibition or siRNA-
mediated downregulation opposed ADAMTSI1 driven cell migra-
tion™. TGFP is synthesised as a dimer and is maintained inact-
ive by the latency-associated peptide-TGFf (LAP-TGF). There
are two main TGFf activation mechanisms, either via RGD motif-
containing integrins binding to LAP or via the cleavage of LAP
by ECM proteases”™. Indeed, ADAMTS]1 was previously shown
to directly interact with LAP-TGFf, to promote TGFpB
activation”)] in a catalytic activity-independent manner. Simil-
arly, ADAMTS16 was shown to interact with and activate LAP-
TGFp in cardiac fibroblasts””. Other members of the ADAMTS
family, including ADAMTS6 and ADAMTSI10, have been shown
to bind to ECM proteins that regulate the extracellular availabil-
ity of TGFp (Fig. 5A). In chondrocyte, ADAMTS6 was found to
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Fig. 5. ADAMTS:s crosstalk with signalling pathways regulates cancer progression.

A. ADAMTSI, 6, 10 and 16 can activate TGFp by cleaving the ECM-bound LAP domain, leading to promotion of TGF signalling that drives EMT and cell migration.

B. In CRC, ADAMTSI2 activates the Wnt signalling pathway while ADAMTSS and 18 inhibit Wnt activation, potentially by stabilising Wnt in the ECM.

C. ADAMTSSG, 12, 15 and 18 inhibit ERK signalling potentially by regulating EGFR activation, in different cancer types.

D. AKT activation is negatively regulated by ADAMTSS and 18, in oesophageal cancer and LC respectively.

NF«B is negatively regulated by ADAMTS16 and 19 in GC, leading to decreased invasion and proliferation of cancer cells. ADAMTSs have been colour coded based on can-
cer type, light yellow for LC; dark blue for CRC; pink for BC; salmon for oesophageal cancer and purple for GC. Image generated with elements from Servier Medical Art, li-

censed under CC BY 4.0.

increase TGFp activation in a dose-dependent manner, through a
mechanism predominantly mediated by its catalytic activity, al-
though some activation could also be observed by a catalytically
inactive mutant. ADAMTS10 was also able to induce TGF ac-
tivation, but this was to a much lower extent than ADAMTS6. In
addition, both ADAMTS6 and ADAMTS10 could also indirectly
activate TGFp by increasing cellular tension””. These data indic-
ate that the ability to promote TGFp signalling is shared between
different members of the ADAMTS family, suggesting that they
could play a role in controlling EMT in cancer. Indeed, in CRC,
ADAMTS6 promotes EMT to drive cancer cell migration and in-
vasion®. Therefore, ADAMTSs could represent promising
therapeutic targets to prevent TGFB-driven EMT.

Bioinformatic analysis in PDAC cells showed positive correla-
tion between ADAMTS12, EMT markers and EMT transcription
factors”!. In addition, ADAMTS12 mRNA was found to be up-
regulated in the stroma of PDAC patients, compared to non-
tumoral fibrotic tissue, among other genes linked to ECM remod-
elling, cell migration and cell cycle®. ADAMTS12 down regula-
tion in PDAC cells significantly reduced migration in transwell

chambers and wound healing assays, while tail vein injections of
ADAMTS12 KO cells resulted in a reduction of lung metastasis
formation, indicating that ADAMSI12 is required for PDAC cell
migration in vitro and in vivo. Mechanistically, ADAMTSI2
downregulation resulted in elevated E-cadherin levels and a con-
comitant reduction in N-cadherin and vimentin, suggesting that
ADAMTS12 might regulate EMT"”. The molecular mechanisms
underpinning this have not been elucidated yet. TGFp has been
identified as an ADAMTSI12 interactor in a mass spectrometry
screen””) suggesting a similar mechanism to ADAMTS1 and 6 in
controlling TGFf availability. Alternatively, as ADAMTS12 has
been linked to the activation of Wnt/B-catenin signalling (see be-
low) and Wnt/B-catenin is critical in EMT regulation™, it is pos-
sible to speculate that ADAMTS12 might control EMT through
the regulation of Wnt signalling. Conversely, ADAMTS12 was
found to inhibit Hepatocyte growth factor (HGF)-induced EMT
in Madin-Darby Canine Kidney (MCDK) cells, and mice injec-
ted with lung adenocarcinoma A549 cells overexpressing
ADAMTS12 showed a significantly reduced tumour volume and
size®”), indicating that ADAMTSI2-dependent regulation of
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EMT might be tissue specific.

ADAMTSs crosstalk with the Wnt/p-catenin pathway
Wnt/B-catenin deregulation is associated with cancer progression,
by facilitating stem cell renewal, differentiation and
proliferation™. Wnt canonical pathway is activated by the bind-
ing of Wnt to Frizzled, which phosphorylates Dishevelled, lead-
ing to the activation of co-receptor LRP5/6. This complex stabil-
ises B-catenin by blocking its degradation. The accumulation of -
catenin in the nucleus then activates Wnt downstream genes!'*”.
ADAMTSI12 is upregulated in CRC and high ADAMTSI12 levels
correlate with poor prognosis. In vitro, ADAMTS12 overexpres-
sion promoted cell proliferation and migration, while
ADAMTS12 downregulation impaired both processes. Overex-
pression of ADAMTS12 in HEK239 cells stimulated the tran-
scriptional activity of Wnt/B-catenin, while ADAMTS12 knock-
down in CRC cells decreased the expression of the Wnt/B-caten-
in target genes myc and cyclin D1, suggesting that ADAMTS12
might control CRC progression through the modulation of the
Wnt/ B-catenin pathway (Fig. 5B), which is a key driver of
CRC™"". Contrarily, ADAMTSS acts as a tumour suppressor in
CRC by inactivating the Wnt pathway. Overexpression of
ADAMTSS8 was shown to reduce B-catenin levels, as well as the
phosphorylation of GSK3p, leading to reduced CRC cell inva-
sion and migration in vitro and reduced tumour growth in vivo
(Fig. 5B)*!. Similarly, ADAMTS18 deficiency in CRC was asso-
ciated with increased B-catenin nuclear translocation, suggesting
Wat activation!””. The molecular mechanisms through which
ADAMTSs control Wnt signalling have not been elucidated yet.
Interestingly, Wnt has been shown to be stabilised in the extracel-
lular space via the interaction with proteoglycans in the ECM!"*",
Indeed, proteoglycans were shown to be required to sustain Wnt
signalling, by modulating Wnt availability. It is therefore tempt-
ing to speculate that, by remodelling the ECM, ADAMTSs might
impinge on Wnt mobility in the extracellular space, therefore im-
pacting Wnt signalling (Fig. 5B).

ADAMTSs might control PI3K/AKT and ERK signalling
through interaction with EGFR

Epidermal growth factor receptor (EGFR) was found hyper-activ-
ated in multiple cancer types, resulting in cancer cell growth, sur-
vival, metastasis and therapy resistance. EGFR is found at the
plasma membrane as an inactive monomer. Upon ligand binding,
a conformational change leads to the formation of homo- or het-
erodimers, promoting the activation of downstream signalling
pathways such as PI3K/AKT and MARK/ERK!"*. PI3K/AKT is
one of the most frequently over-activated pathways in cancer,
contributing to all hallmarks of cancer. ERK is phosphorylated
via the activation of the Ras/Raf/MAPK signalling cascade lead-
ing to activation of downstream factors that contribute to cancer
progression, like c-myc and c-Fos! """,

In LC cells, ADAMTSI8 overexpression decreased
EGFR/AKT activation™, while secreted ADAMTSS8 was found
to reduce EGFR/MAPK/ERK signalling in oesophageal cancer
cells®™. In BC cell lines, overexpression of ADAMTS6 reduced
invasion and migration, coupled with decreased EGFR and ERK
activation””. Similarly, ADAMTS12 and ADAMTSI15 overex-
pression resulted in reduced phospho-ERK Ilevels, while

ADAMTSI15 silencing led to the overactivation of the ERK sig-
nalling pathway”*”. In addition, ADAMTS18 KO in a CRC
model resulted in increased ERK and p38 MAPK activation'*”.
This suggests that several ADAMTS family members might be
negative regulators of AKT and ERK signalling, potentially
through the regulation of EGFR activation (Fig. 5C and D).
Cleaved fragments of ADAMTSI, which contain at least one
TSR-1 motif, have been shown to prevent EGFR and ERK activ-
ation by negatively modulating the bioavailability and activity of
the heparin-binding EGF"'"". This suggests that TSR-1 motifs
from ADAMTS family members could control EGFR activation
via a similar mechanism. Indeed, multiple heparin binding se-
quences have been identified in the TSR-1 domain of
ADAMTSs!"®. Furthermore, the binding of ADAMTS6!™, 8 ['*]
and 15 "' to heparin has been previously observed. Further work
will be needed to fully elucidate the role of ADAMTSs in con-
trolling EGF bioavailability and downstream signalling in differ-
ent cancer types and to establish whether this could lead to novel
therapeutic strategies to prevent EGFR-driven tumorigenesis. Al-
ternatively, ADAMTSs might regulate PI3K/AKT and ERK sig-
nalling through ECM remodelling, as several ECM components
have been implicated in the modulation of these pathways!". In-
deed, ADAMTSI1S deficiency resulted in the accumulation of
several ECM components, including FN, in mouse mammary tu-
mours and potentiated the activation of ERK and AKT!"'". As
ADAMTS18 has been shown to cleave FNY), this ECM compon-
ent accumulates in ADAMTS18 KO tumours, resulting in integ-
rin dependent ERK and AKT activation. Further work is needed
to fully elucidate the crosstalk between ADAMTS-driven ECM
remodelling and integrin activation.

In GC cells, ADAMTS19 has been found to be downregulated
and it has been suggested to interact with the NFkB subunit p65,
preventing p65 nuclear localisation and NFkB activation!''?,
Conversely, ADAMTS16 was found to be upregulated in GC and
to promote NF«B signalling by stimulating NFkB nuclear trans-
location, potentially by interacting with the NF«B regulator IkBa
(Fig. 5D)!'"). These interactions are supposed to happen within
the cells and a potential mechanism through which secreted
ADAMTSI19 and 16 are transported to the cytosol is still lacking.
Interestingly, some ADAMTS family members have been shown
to be localised in the nucleus. Indeed, ADAMTS4 and the
ADAMTSS fragment TS5-p45 accumulated in the nucleus of
smooth muscle cells and endothelial cells, respectively, driving
apoptosis' """ while ADAMTSI, but not ADAMTS4 and 5,
localised to the nucleus of non-transformed mammary epithelial
cells and BC cells"'”. This raised the intriguing possibility that
ADAMTSs might regulate the activity of transcription factors, in-
cluding p65, in the nucleus. Alternatively, it is possible that
ADAMTS-dependent regulation of NFkB might be indirect, as
NFkB can be activated downstream of AKT"'"). Indeed, in RCC,
ADAMTS18 downregulation impaired both AKT and NFkB ac-
tivation''™), Further work is needed to deeply characterise any in-
tracellular role of ADAMTS family members and how this im-
pacts on intracellular signalling pathways, as opposed to the ex-
tracellular modulation of growth factor availability.

Conclusions and future research

In this review, we have highlighted the impact of ADAMTS dys-
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regulation on the progression of multiple cancer types.
ADAMTSs can promote or suppress cancer cell invasion and
metastasis by promoting ECM remodelling and/or regulating in-
tracellular signalling pathways. ADAMTS function has been in-
vestigated thoroughly in some cancer types, like LC, BC, CRC,
and GC. Notwithstanding, in other cancer types such as RCC, PC
and OC, ADAMTSs were found dysregulated but further re-
search needs to be carried out to determine their impact on tum-
origenesis. Since several in vivo studies rely on the injection of
human cells in immunocompromised mice, it would be import-
ant to further these with the use of genetic mouse models, wheth-
er the TME could be more clinically relevant. In addition, the use
to organoid cultures and patient-derived xenograft will be benefi-
cial to further elucidate the effect of ADAMTS inhibition on tu-
mour progression. More complex co-culture models would be es-
sential to characterise how ADATMS activity impinges on the in-
teraction between different TME components at the molecular
level. Within the TME, ADAMTSs can be secreted by cancer
cells or by cancer associated stromal cells, leading to both pro-
and anti-tumorigenic environments. This has been found to de-
pend on the cancer type and the ADAMTS family members, and
it could potentially be due to the presence of different ECM com-
ponents in the TME, which can be cleaved by different
ADAMTS:s. It is becoming clearer that ADAMTSs also control
tumorigenesis through direct interaction and/or cleavage of
growth factors, thereby modulating downstream signalling path-
ways, including TGFB, EGFR/ERK and NF-«B. As these func-
tions have been mainly detected in cancer, this opens the possibil-
ity of targeting ADAMTSs for future therapeutic approaches. In-
deed, small molecule inhibitors targeting aggrecanases, including
ADAMTS4 and 5, are in phase III clinical trials for osteoarthritis
treatment!"'”). A challenge of targeting ADAMTSs for cancer
therapy will be the identification of the ECM and/or growth
factor interactions that promote cancer versus the ones that sup-
press the disease and the development of high specificity inhibit-
ors, to be able to specifically block the tumour-promoting activ-
ity without impacting on any potential tumour suppressive roles.
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