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Abstract

The dysregulation of Membrane - type 1 matrix metalloproteinase (MT1-MMP) has been extensively studied in
numerous cancer types, and plays key roles in angiogenesis, cancer progression, and metastasis. MT1-MMP is a
predictor of poor prognosis in osteosarcoma (OS), yet the molecular mechanisms of disease progression are
unclear. This review provides a summary of the literature relating to the gene and protein expression of MT1-MMP
(MMP-14) in OS clinical samples, evaluates the expression in cell lines and experimental models, and analyses its
potential role in the progression and metastasis of OS. In addition, the therapeutic potential of MT1-MMP as a drug
target has been assessed. Due to the biological complexity of MMPs, inhibition has proven to be challenging.
However, exploiting the expression and proteolytic capacity of MT1-MMP could open new avenues in the search
for novel, safer and selective drugs for use in OS.
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INTRODUCTION

Osteosarcoma (OS) is the most common form of primary malignant bone tumour and exhibits its highest
prevalence in children and adolescents, with 80% of cases affecting individuals before the age of 20. OS
accounts for less than 1% of all new cancer diagnoses with an age-standardised incidence rate of 0.9 per
100,000 in the UK, affecting 3.4 per million people worldwide each year. The survival rate for those who
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develop OS, especially for those who have developed metastases, has not significantly improved over the
past 30 years, with only 55% of patients surviving for more than 10 years. This is primarily attributed to the

lack of novel therapeutics?.

Matrix metalloproteinases (MMPs) are a family of zinc-dependent endopeptidases that play key roles in
angiogenesis, cancer progression and metastasis. These proteases are classified based on their structural
characteristics and are often subdivided into two major groups; secreted MMPs and membrane-type MMPs
(MT-MMPs)"!. In normal tissues, MMPs are involved in a variety of physiological processes, including
mediation of inflammation and tissue remodelling. However, the overexpression of MMPs in cancer has
been associated with poor prognosis, and they have been considered as potential diagnostic and prognostic
biomarkers in several cancer types, including OS, as exemplified by MT1-MMP (see Figure 1). Technically
speaking, MT1-MMP is the name for the protein, whereas MMP-14 refers to the gene, but these terms are
often used interchangeably in the literature.

The activation of MT-MMPs, achieved through cleavage of a single protein and pro-peptide domain,
promotes their transport to the cell surface where they degrade components of the extracellular matrix and
basement membranes - either directly or indirectly through the recruitment of other MMPs - thereby
facilitating invasion and metastasis®. In a variety of carcinomas, the dysregulation of MT1-MMP has been
extensively studied, yet the molecular mechanisms underlying OS disease progression are unclear, but MT1-
MMP may play a key role”.. Initially, this review will examine the expression of MT1-MMP in OS clinical
tumour samples and cell lines, followed by a discussion as to the potential role of MT1-MMP in OS
progression and metastasis, before finally considering opportunities for therapeutic targeting for the benefit
of OS patients.

EXPRESSION OF MT1-MMP IN OSTEOSARCOMA

In OS clinical samples

The clinical expression of secreted MMPs, especially MMP-2 and MMP-9, has been the subject of many
reviews. Both proteinases have been identified in tumour samples resected from patients with OS">'". The
differential expression of MT1-MMP in tumour tissue samples, when compared to normal tissues, has been
widely researched; the data available for the expression of MT1-MMP in OS clinical tissues are summarised
in this section.

Uchibori et al."” examined 47 patient samples, all of which were taken prior to patients undergoing
treatment who presented with no distant metastasis. MT1-MMP, MMP-2, -9, and tissue inhibitor of
metalloproteinases 2 (TIMP-2) protein expression and their correlation with prognosis were examined
immunohistochemically and by gelatin zymography. Strong expression (positive cell ratio > 50%) of MT1-
MMP in 21 (45%) samples was noted, 18 (38%) of which were also positive for MMP-2 expression. The
overall survival rate (OAS) for the 18 patients exhibiting strong expression of both MT1-MMP and MMP-2
was 57%, whereas, for the other patients, OAS was 87%. Although many patients within this study remained
disease-free up until the follow-up (after 5 years), 15 patients developed metastasis, and 11 patients died of
the disease. Localisation of MT1-MMP, MMP-2 and TIMP-2 to the cytoplasm and cell membrane was
observed, with a significant association between the strong expression of MT1-MMP, but not MMP-2, and a
reduction in patient survival when compared to tumour samples that exhibited weak expression. The event-
free survival rate (EFS) was determined for the surviving 36 patients, all of whom were in remission
following neoadjuvant and adjuvant chemotherapy and surgical resection. The EFS at 5 years for those with
tumours exhibiting strong MT1-MMP expression and for those with tumours exhibiting weak expression
was 60% and 81%, respectively. Of the 36 patients, 13 had tumours that exhibited strong expression of both
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Figure 1. Expression of MT1-MMP in Sarcoma. (A) MMP-14 (the gene for MT1-MMP) expression in various cancer types
(www.cbioportal.org/)™*. (B) MMP-14 expression in various types of sarcoma (http://ist.medisapiens.com/) . (Figure adapted from
Figure 1in Ref 7%).

MT1-MMP and MMP-2, which was also shown to correlate with poorer prognosis. In a follow-up study, it
was found that the expression of extracellular matrix metalloproteinase inducer (EMMPRIN), a substrate of
MT1-MMP which aids in MMP stimulation, and the co-expression of EMMPRIN and MT1-MMP were
predictors of poor prognosis'?.

In another study, the expression of MMPs and their endogenous inhibitors were investigated in 11 tumour
xenografts and 12 OS biopsies (6 from primary tumours and 6 from metastases)""*. MMP-14 mRNA, along
with MMP-2, TIMP-1 and TIMP-2 mRNA, was identified in the majority of samples, with a consistent
pattern of expression of MMP-14, MMP-2 and TIMP-2 in both the xenografts and biopsies. The authors
stated that a pattern of MMP and TIMP expression in metastases, when compared with primary tumours,
could not be discerned.

Utilising high-throughput sequencing, Xiao et al."” screened for 339 genes known to be associated with
cancer progression in 10 samples from OS patients from China. It was shown that the 10 samples tested
demonstrated on average more than 200 gene mutations, including the MMP-14 gene. Although the
findings from this study are in line with previously published studies"*, a more comprehensive evaluation
of the OS genome in larger collections of OS samples is required to identify high-yield mutations.

Whole transcriptosome analysis was performed on 33 OS patient samples. Tumour and normal tissues were
collected from 18 bone samples following resection and 15 formalin-fixed paraffin-embedded (FFPE)
samples that were retrieved from pathology archives. The genes that were most significantly downregulated
and upregulated in the tumour tissues were identified"”. MMP-14 was shown to be the 7th most
upregulated gene in osteosarcoma, with a greater than 2-fold increase in gene expression in 87% of tumour
samples when compared to their matched controls. Of these, 47% also showed elevated levels of MMP-2
and/or MMP-9. Enrichment analysis showed that there were significant alterations in the genes shown to
regulate collagen degradation, extracellular matrix (ECM) organisation and ECM degradation, including
collagens; COL11A1, COL2A1 and COL10A1; among others. In the FFPE samples, it was evident that
chemotherapy had not brought about any significant changes in MMP-14, MMP-2 and MMP-9 expression.
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A study by Engelholm ef al.' examined OS patient samples to identify novel bone degradation pathways.
Of the 10 samples that were tested, by immunohistochemical analysis, for MT1-MMP protein expression,
all were positive to varying degrees; scattered expression was observed in 2 samples, moderate expression
(<50%) in 4 samples and high (> 50%) expression in 4 samples. This study also demonstrated the
differential expression of MMPs in primary OS tumours and tumours resulting from carcinomas. OS
tumour samples showed high expression of MT1-MMP and other endocytic collagen receptors, whereas, in
tumours originating from breast carcinoma, there was little to no expression of these proteins.

Also utilising immunostaining techniques, Biswas et al."”, demonstrated that in biopsies collected from
patients that had undergone standard MAP chemotherapy - that involves administering high dose
methotrexate (M), doxorubicin (A - adriamycin) and cisplatin (P) - more than 90% of samples evaluated
expressed the MT1-MMP protein. A reduction in overall survival was associated with an increase in the
localisation of MT1-MMP to the cytoplasm (P = 0.0002) and to the nucleus (P < 0.0001). In addition to this,
a reduction in the EFS was observed in patients with localisation of MT1-MMP to the nucleus, but not to
the cytoplasm. Therefore MT1-MMP localisation could prove to be crucial in predicting patient prognosis
and in determining the patients’ response chemotherapy.

In experimental models of OS

MMP expression in OS has garnered a lot of attention, but studies primarily focus on the expression of the
widely-studied MMP-2">") or MMP-9""*? rather than MT1-MMP (MMP-14). The vast majority of
literature regarding gene expression of MMP-14 in human OS cell lines has been reported in U208, Saos-2
and MG-63 cells, but there is some evidence of expression in OHS, HOS (HOS-MNNG and HOS-143B)
and the newly derived HMOS cell lines (HMOS-A and HMOS-P)*. The phenotypical and functional
characteristics of multiple osteosarcoma cell lines, both in vitro and in vivo, have been well documented. Of
the cell lines examined, HOS cell lines, with the exception of HOS-MNNG, are highly tumorigenic and
frequently form metastases (primarily in the lung), while U20S, Soas-2 and MG-63 cells are less
tumorigenic and non-metastatic****),

Giambernardi et al.” reported the differential gene expression of MMPs in cell lines; a strong expression of
MMP-14 was observed in HOS, MG-63 and Saos-2. It has been shown that the transformation of the HOS-
Tess parental cell line to its 143B derivative, brought about an increase in MT1-MMP protein expression,
which has been associated with a more metastatic phenotype, whereas a reduction in MT1-MMP expression
in the transformed HOS-MNNG cell line played a role in reducing its metastatic capacity™”.

Hypoxia, resulting from oxygen deprivation, is common in many solid tumours with an associated increase
in hypoxia-related markers, such as hypoxia-inducible factors-1a or -2a (HIF-1a/-2a), which often
correlates with poorer prognoses. Many genes, including those of MMPs, are transcriptionally regulated by
these HIFs®. Chan et al.”” determined, by way of Western blot, that the degree of MT1-MMP protein
expression in U20S cells was equal to that of the positive control cell line HT1080, which exhibits a high-
level expression of the majority of MMPs. Further to this, immunohistochemical staining revealed that, in
normoxia, MT1-MMP is primarily located in the cell cytoplasm and was shown to interact with HIF-1a -
this interaction was not observed following a reduction in O, levels. Hypoxia-induced alterations in the
subcellular location of MT1-MMP, with a higher expression of MT1-MMP observed within the nucleus. In
normoxia, a proximity ligation assay showed that there is minimal interaction between HIF-2a and MT1-
MMP, but when cells were cultured under hypoxic conditions, there was a marked increase in the
interaction signals within the nucleus. This interaction was shown to be specific to U20S cells when
compared to bone marrow mesenchymal stem cells.
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Transfection of 143B cells, with a luciferase-Tomato reporter gene (pFULT) expressing firefly luciferase 2,
allowed for the development of murine orthotopic models of OS that are easily traceable in vivo. Also, the
cells were labelled with tdTomato making it possible to distinguish between tumour cells and host cells
during immunohistochemical analysis. Histological characterisation of tissue samples generated from this
orthotopic model revealed that they mimicked human disease, with a strong expression of MT1-MMP in
tumour cells excised from the tibia and from metastatic lesions that had developed in the lungs. In addition
to this, utilising Crispr/Cas9 gene editing techniques, the researchers generated MT1-MMP knockout and
wildtype cells lines (also expressing luciferase and tdTomato), both of which were screened for MT1-MMP
protein expression by western blot and genotyped. Comparison of these cell lines revealed that loss of MT1-
MMP expression resulted in a reduction in the ability of 143B cells to degrade cellular collagen. Further
investigation showed that there was no difference in the extent of bone degradation or the formation of lung
metastases in orthotopic models of the newly derived cell lines, however. This suggests that MT1-MMP
does not play a direct role in bone degradation or in the lung colonisation processes in 143B orthotopic
models of OS, but rather acts via alternative methods"”.

The differential expression of MT1-MMP in OS cells and clinical samples, when compared to controls,
provides compelling evidence for its involvement in OS development. Many of the clinical studies are
limited by small sample sizes, a common problem encountered when evaluating protein expression in OS
tumours (given the rarity of the disease), and a more comprehensive study with a larger sample size could
provide a better understanding of the role of MT1-MMP in OS. Within the tumour microenvironment, the
complex network of pathways, many of which could be involved in the regulation of MT1-MMP,
determines the rate of progression and metastasis in OS. These pathways, summarised in Figure 2, will be
considered in the following section.

ROLE OF MT1-MMP IN OS PROGRESSION AND METASTASIS

The regulation of MT1-MMP expression by the key SRC/ERK1/2 signalling pathway (a major player in OS
progression, Figure 2) in response to WNT5A has been investigated by Wang et al.”". They found that
WNT5A-induced MG-63 cell migration and invasion was in part due to the activation of SRC/ERK1/2
signalling pathways that were shown to upregulate downstream MT1-MMP. Previous studies have reported
that WNT5A-induced invasion in osteosarcoma cell lines (U208 and Saos-2) is mediated by SRC through
upregulation of MMP-13">*". The authors speculated that activation of the SRC/ERK1/2 signalling pathway
is responsible for the increased expression of both MT1-MMP and MMP-13 in response to WNT5A.

The activity of a Wnt co-receptor, low-density lipoprotein receptor-related protein 5 (LRP5), has been
linked with OS metastasis and poorer prognosis. Canonical Wnt signalling is responsible for the
downstream regulation of a broad spectrum of cell cycle regulators, oncogenes and matrix-degrading
enzymes. The transfection of a soluble form of LRP5 (sLRP5) into SaOS-2 cells significantly reduced the
protein expression of MT1-MMP and MMP-2, with the effect on MMP-2 being more pronounced. MT1-
MMP is a known Wnt/B-catenin target gene and membrane-bound activator of MMP-2"*. The authors did
note that due to the differences in genetic backgrounds and mutational profiles of OS cell lines, the results
here in Saos-2 cells cannot be generalised. Therefore further investigation of SLRP5 activity in additional cell
lines that are stable following sLRP5 transfection is required”.

al-Antitrypsin Portland («1-PDX), a furin inhibitor, has been shown to affect the migration and invasion of
MG-63 and Saos-2 OS cell lines™. This study suggested that a1-PDX may play a key role in the inhibition of
migration and invasion through the non-canonical Wnt pathway-mediated downregulation of MT1-MMP
expression. It would be interesting to see what further exploration into the effect a1-PDX has on the activity
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Figure 2. Schematic representation of potential MT1-MMP regulatory mechanisms in OS. Several growth factors (including Wnt, PEDF,
TGF, EGF) activate downstream signal transduction pathways (including SRC, RAS, PI3K/Akt, Rho/ROCK) that are responsible for the
transcriptional regulation of a variety of MMPs, including MT1-MMP. EGF: Epidermal growth factor; ERK: extracellular signal-regulated
kinases; PEDF: pigment epithelium-derived factor; PI3K: phosphoinositide 3-kinases; ROCK: Rho-associated protein kinase; SRC: proto-
oncogene tyrosine-protein kinase; TGF: transforming growth factor.

of other MMPs, especially MMP-2 and TIMPs reveals.

Wnt inhibitory factor 1 (WIF-1) protein levels are often downregulated in OS cell lines, yet the role of
WIF-1 in disease progression is largely unknown””. WIF-1 expression has been shown to decrease
tumorigenesis and metastasis in HOS-143B cells"®. HOS-143B cell lines are highly aggressive and frequently
metastasise to the lung in xenograft models”*. HOS-143B cells transfected with WIF-1 exhibited reduced
expression of MT1-MMP, and also MMP-2 and MMP-9, but there was no significant effect on proMMP-2.
The authors concluded that the anti-metastatic effect of WIF-1 induction could be of clinical importance in
OS patients shown to have aberrant Wnt signalling.

RNA interference techniques (siRNA) have also been used to determine the effect of knockdown of B-
catenin on the invasion, migration and sensitivity to chemotherapeutics in OS cells"*". In line with previous
work in U20S cells'*”, the authors were able to demonstrate that the motility and invasive ability of MG-63
cells were affected by the inhibition of B-catenin, which was attributed to the downregulation of MT1-MMP

expression.

In chondrosarcoma, breast and prostate cancer cell lines, pigment-epithelium derived factor (PEDF) has
been shown to downregulate MT1-MMP protein expression**. The mechanism by which PEDF reduces
the metastatic capacity of OS cells through MMP regulatory pathways was examined in HOS-143B cells".
Investigation revealed that increases in the protein expression of PEDF correlated with an increase in MT1-
MMP and collagen I expression, yet a decrease in the levels of MMP-2 was observed. The authors
speculated that the antagonistic activity of both PEDF and MT1-MMP would be necessary for bone
remodeling, which could explain the differential regulation of MT1-MMP by PEDF across cell lines. The
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downregulation of OS metastasis in HOS-143B cells was attributed to a decrease in MMP-2 expression,
which is not in line with previous studies in breast and prostate cancer cell lines'*!, with the authors noting
that the decrease in MMP-2 seen could be attributed to an increase in MMP-2 secretion into the medium
which went un-monitored in this study.

The aberrant expression of microRNAs (miRNAs) has been implicated in cancer progression”. MiRNAs
regulate gene expression through the induction of mRNA degradation or by translational regression. The
ability of miRNAs to simultaneously target multiple genes increases their likelihood of success as
therapeutic agents. Xie et al."*, investigated the expression of miR-302b and the mechanism by which it
promotes cell invasion and migration in OS cell lines. The overexpression of miR-146b-5p was shown to
suppress cell proliferation and increase apoptosis in OS cell lines (HOS-143B and MG-63)"”. Mimics of
miR-302b were shown to suppress the mRNA and protein levels of MT1-MMP and MMP-2 through the
targeting of the Runx2 gene, while the treatment of cells with an miR-302b inhibitor produced the opposite
effect.

Alternatively, Elenjord et al."** utilised ribozyme-transfected cell clones of OHS to determine the effect of
collagen 1 expression on MMP activity in the absence/presence of S100 calcium-binding protein A4
(S100A4). Previous work demonstrated that reducing S100A4 in OS cell lines, both in vitro and in vivo,
reduced their invasive and metastatic capacity through downregulation of MMPs and TIMPs"**°. In
addition, a study by Loennechen et al.®™ showed that colchicine induced MT1-MMP expression in an
S100A4-independent manner, with higher levels of MT1-MMP observed upon induction of microtubule
rearrangements following exposure to colchicine, as observed in both control and transfected cell lines. The
authors were able to demonstrate that activation of proMMP-2 by MT1-MMP was mediated by TIMP-1 in
OHS cells (control pHp-1, II-11a and II-11b). Another study evaluated the effect of R1881, a synthetic
androgen analogue, on the expression of several MMPs and their endogenous inhibitors in LNCaP
(prostatic adenocarcinoma) and OHS cells. TIMP-2 was shown to be inhibited in a time-dependent manner
in MT1-MMP deficient LNCaP cells, which also correlated with an increase in the levels of prostate-specific
antigen. In these cells, the mRNA levels of other MMPs (MMP-1, -2, -9, MMP-14 and TIMP-1) were not
detected. An elevation in the expression of MMP-14 mRNA was seen when LNCaP cells were co-cultured
with OHS cells. In this co-culture, the proteolytic activity of the MT1-MMP/TIMP-2/MMP-2 complex was
unaffected by R1881 suggesting that this complex may provide an androgen-independent route for the
development of bone metastases from prostate carcinoma'™.

Lysophosphatidic acid (LPA) plays an important role in tumour cell invasion by promoting ECM
degradation through the regulation of downstream targets. Investigation of the effect that LPA has on Rho,
Rho-associated protein kinase (ROCK), MMPs and TIMPs, revealed that following high-dose treatment
with LPA mRNA and protein levels of Rho, ROCK, MT1-MMP and TIMP-2 were reduced. Interestingly
low dose LPA treatment resulted in increased mRNA levels of these proteins. Selective inhibition of Rho
prevented LPA-mediated reduction in MT1-MMP and TIMP-2. Matsumoto et al.”” speculated that the
Rho-ROCK pathway might be involved in MMP-2 activation through regulating MT1-MMP and TIMP-2
levels.

MMPs also play an important role in inflammatory processes potentiating the activity of inflammatory
proteins, which result in the activation of many downstream signalling pathways, including JNK/c-jun®.
The ability of Dz13, a DNA enzyme, to downregulate c-Jun has been shown to have a direct effect on OS
progression in HOS-143B and SJSA-1 cells and resulted in an increased doxorubicin sensitivity in Saos-2
cells®**. Tan et al.”” investigated the relationship between Dz13 and MMP expression in OS. A dose-
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dependent decrease in MT1-MMP and MMP-2 expression was observed following exposure to Dz13 in
SJSA-1 OS cells, and this is in line with previous studies that have also demonstrated that MMP-2 and
MMP-9 expression is regulated by c-Jun"**.

Bisphosphonates have been shown to reduce invasion and metastasis and potentiate the effects of
conventional chemotherapy in OS"**'. Heikkild et al.”” investigated the effect of clodronate on MT1-
MMP mediated activation of MMP-2 and showed that increasing the concentration of this bisphosphonate
reduced MT1-MMP and MMP-2 mRNA and protein expression in MG-63 cells. Previously, it has been
shown that alendronate reduced the secretion of MMP-2 and is able to induce apoptosis in OS, while
risedronate reduces mRNA and protein levels of MMP-2 and MMP-9 in U20S and Saos-2 cell lines**.,
Unfortunately, the effect of alendronate and risedronate on MT1-MMP levels were not assessed in these
studies.

In summary, MT1-MMP plays multiple roles in OS, many of which go beyond the roles associated with
tumour migration and invasion, which can be directly attributed to its proteolytic capacity and extracellular
matrix degradation (see Table 1). There is still much to be learnt, but as we have discussed, MT1-MMP has
a significant impact on multiple intracellular signalling pathways, all of which adds to its importance as a
key player in OS progression. The potential for targeting MT1-MMP as a therapeutic strategy, and the
challenges associated with it will now be considered.

CHALLENGES AND FUTURE PROSPECTS

There is considerable evidence (both clinical and experimental) to support the role of MT1-MMP in
metastasis in several cancers (notably breast and prostate cancers), but this is not the case in OS”***\. This
could be attributed to the rarity of OS, which makes accessing tissue samples for gene mapping and
experimentation very difficult. Therefore, utilising the metastatic potential of HOS-MNNG and HOS-143B
cell lines could provide a better model by which to study the involvement of MT1-MMP in OS metastasis.
In the UK, the ICONIC project, funded by the Bone Cancer Research Trust, aims to create an OS patient
registry, providing clinicians and researchers with better access to patient data and samples, thereby helping
them to better understand the disease and develop novel treatments'”. Similar registries also exist in the
USAls*,

The MAP chemotherapy regime remains the standard of care for localised OS"™. It has long been
understood that significant side effects are associated with the use of chemotherapeutic agents; this is
especially true for HD-MTX. HD-MTX has many adverse side effects resulting from its toxicity, and so
requires the administration of a rescue dose of leucovorin following its infusion”". In addition to this,
studies have shown that in OS, the transport of MTX across the cell membrane is impaired, therefore
necessitating the larger doses required to achieve a therapeutic effect”.

There is a pressing need for novel therapeutics for OS patients, especially for those with metastatic disease
or tumour recurrence, both of which correlate with an unfavourable prognosis, and MT1-MMP is clearly a
target worthy of attention. One approach has been the development of synthetic MMP inhibitors (MMPIs),
but unfortunately, no molecule has successfully made it to the clinic. Many MMPIs failed to progress
beyond Phase III clinical trials due to poor specificity, deregulation of TIMPs and the off-target toxicity that
has resulted in suboptimal dosing recommendations. Novel molecular biology techniques have been utilised
to rapidly detect the expression profiles of MMP genes in each patient, determine the potential efficacy of
MMPIs and therefore take an individualised approach to treatment™. The recent advances in MMPIs have
been extensively reviewed by Gregg Fields”, who highlighted that despite previous failures in clinical trials,
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Table 1. Summary of published data describing MT1-MMP expression in osteosarcoma clinical samples and experimental models
Target MMP/TIMP Method Samplesize  Cell line Key points Ref.
Clinical MT1-MMP, MMP-2, -9, IHC, zymography 47 - 21 of 47 samples exhibited strong expression of MT1-MMP. A reduction in OASand  [12]
samples TIMP-2 EFS was seen in those with higher degrees of MT1-MMP expression
MMP-14, MMP-2, Zymography, NB, 23 (M U20S, OHS, Saos-2 A consistent pattern of expression of MMP-14, MMP-2 and TIMP-2 was observed in [14]
TIMP-1, TIMP-2 mRNA sequencing xenografts, 12 both xenografts and biopsies
biopsies)
MMP-14 RT-PCR, genomic 10 - Mutations were identified in more than 200 genes, including in MMP-14 [15]
sequencing
MMP-2, -9, -14 Whole 33 (18 bone, 15 - 5365 genes were found to be differentially expressed in OS and normal tissues. MMP- [17]
transcriptosome FFPE) 14 was amongst the most upregulated
analysis
MT1-MMP IHC, confocal 10 - All samples displayed varying levels of MT1-MMP expression [18]1
microscopy
MT1-MMP IHC 76 U20S, SJSA-2 In OS tumours, MT1-MMP was found to be expressed in both the nucleus and [19]
cytoplasm. Nuclear MT1-MMP was associated with decreased EFS
Experimental ~ MMP-1,-2,-3,-7, -8, RT-PCR - HOS, MG-63 and Saos-2 HOS, MG-63 and Saos-2 displayed strong expression of MT1-MMP [26]
models -11,-12, -13, -14, -15, -16
MT1-MMP WB, IHC, confocal - HT1080, U20S, MDA-  U20S cells have high MT1-MMP expression. In hypoxia, MT1-MMP localises to the [29]
microscopy MB-231, MCF-7, PC, nucleus
LNCaP
MT1-MMP IHC, WB, Crispr/Cas9 - 143B WT, 143 MT1- High expression of MT1-MMP was observed in xenograft tumour cells excised from [30]

MMP-13, MT1-MMP

MMP-2, MT1-MMP
MT1-MMP

MMP-2, MMP-9, MT1-
MMP

MT1-MMP

MMP-2, MT1-MMP
MMP-2, -9, 13, MT1-
MMP

MMP-1, -2, MT1-MMP,
TIMP-1, -2

MMP-2, MMP-14,

WSB, IF

WSB, IF, RT-PCR
RT-PCR, ChIP
RT-PCR, WB, IHC

RT-PCR, WB

IHC, IF

RT-PCR, WB

NB, WB, zymography

NB, ELISA, WB,

MMP K/0O, 143B
xenograft
U20S and Saos-2

Saos-2
MG-63 and Saos-2 OS
HOS-143B

U20S, MG-63
HOS-143B
HOS-143B and MG-63

OHS cells (control pHB
-1, lI-11a and II-11b)

LNCaP/OHS co-culture

the tibia and from metastatic lesions in the lungs. Crispr/Cas9 knockout of MT1-mMP

reduced the ability of 143B cells to degrade cellular collagen

The activation of SRC/ERK1/2 signalling pathways was shown to upregulate
downstream MT1-MMP

Transfection of sLRP5 into Saos-2 cells significantly reduced MT1-MMP expression
Furin inhibition reduced the migration and invasion of MG-63 and Saos-2 cells

HOS-143B cells transfected with WIF-1 exhibited reduced expression of MT1-MMP,
MMP-2 and MMP-9 but not proMMP-2

The motility and invasive ability of MG-63 cells was affected by the inhibition of B-
catenin by way of MT1-MMP downregulation

Increased PEDF expression correlated with an increase in MT1-MMP and collagen |
expression, yet a decrease in the levels of MMP-2

Mimics of miR-302b were shown to suppress the mRNA and protein levels of MT1-
MMP and MMP-2 through the targeting of the Runx2 gene

Activation of proMMP-2 by MT1-MMP was mediated by TIMP-1in OHS cells.
Reducing STO0A4 in OHS cells reduced their invasive and metastatic capacity
through downregulation of MMPs and TIMPs

MT1-MMP/TIMP-2/MMP-2 complex may provide an androgen-independent route

[31]

[34,35]
[36]
[38]

[41,42]

[45]

[46]

[48-51]

[52]
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TIMP-2 zymography for the development of bone metastases
MT1-MMP, TIMP-2 RT-PCR, ELISA, WB, - MNNG Inhibition of Rho prevented LPA-mediated reduction in MT1-MMP and TIMP-2 [27]
zymography, IF
MT1-MMP, MMP-2 - SJSA-1 A dose-dependent decrease in MT1-MMP and MMP-2 expression was observed [57]1
following exposure to Dz13
MT1-MMP, MMP-2 - MG-63 Increasing the concentration of clodronate reduced MT1-MMP and MMP-2 mRNA [62]

and protein expression in MG-63 cells

ChlIP: Chromatin immunoprecipitation; ELISA: enzyme-linked immunoassay; IF: immunofluorescence; IHC: immunohistochemistry; MMP: matrix metalloproteinase; MT-MMP: membrane-type MMP; NB: Northern
blotting; RT-PCR: reverse transcription polymerase chain reaction; WB: Western blotting.

which were attributed to a lack of understanding of the biological complexities of MMPs, there had been some recent clinical successes. MMPIs have wide-
ranging applications, from the treatment of HER2-negative adenocarcinomas to diabetic foot ulcers. Doxycycline and minocycline, which are broad-spectrum
MMPIs, have also shown promise in the treatment of patients with relapse-remitting multiple sclerosis. Both were shown to reduce brain lesions and serum
levels of MMP-9 and were considered to be effective, safe and well-tolerated. A potent, selective MMPI could make a significant clinical impact on OS therapy.

An alternative approach is to exploit the proteolytic activity of MT1-MMP to activate a prodrug (a drug administered in an inactive form, which is
subsequently activated at the target site) in the tumour microenvironment. By adopting this approach, there is potential to overcome the off-target toxicity
seen in many chemotherapeutic agents like HD-MTX, since the drug would only be released in the tumour microenvironment, thereby sparing normal tissues
of exposure to the drug, while simultaneously enhancing its therapeutic index.

Two such examples of MT1-MMP targeted agents are BT1718 and ICT2588 (see Figure 3), which are currently being evaluated in other cancers, but have
significant potential for OS therapy. BT1718, which was developed by researchers at Bicycle Therapeutics Ltd, is currently in Phase I/II clinical trials for the
treatment of advanced solid tumours (Clinical Trials. gov Identifier: NCT03486730). The drug conjugate is comprised of a bicyclic peptide covalently linked to
DML, a potent anti-tubulin agent. The peptide sequence has been designed to specifically bind to MT1-MMP through a disulphide linker - taking advantage of
its expression profile in many solid tumour models (including various sarcomas, non-small cell lung cancer and triple-negative breast cancer) - thereby
targeting the delivery of DM 1. Pre-clinical models have shown that in both cell-derived and patient-derived xenograft tumours, DM1 is released in an MT1-
MMP dependent manner, which results in partial or complete tumour regression”. Although the clinical outcome is not yet known, this validates MT1-MMP
as a target. ICT2588, which is currently being prepared for Phase I clinical trials, consists of 3 components; azademethylcolchicine, a vascular disrupting agent;
an MT1-MMP activatable peptide sequence, Arg-Ser-Citrulline (Cit)-Gly-Homophenylalanine (Hof)-Tyr-Leu-Tyr; and a fluorescein isothiocyanate (FITC)
based end cap. The release of the azademethylcolchicine warhead is achieved through (1) the selective cleavage of the peptide conjugate at the scissile bond
between Gly and Hof; and (2) tumour exopeptidase activity removing the remaining amino acids. In tumour xenograft models, ICT2588 was shown to reduce
tumour vasculature by up to 90% and, when co-administration with doxorubicin, led to a significant reduction in relative tumour volume”. Furthermore,
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Figure 3. Structures of BT1718, ICT2588 and Cy-SS-MTX.

ICT2588 was shown to lack the cardiotoxicity of the parent colchicine, achieved through selective targeting
to the tumour™. Both of these approaches have significant potential application to OS, given the differential
expression of MT1-MMP.

Alternative prodrug approaches to selectively deliver MTX have also been considered. For example, Cy-SS-
MTX (see Figure 3), is a glutathione-activated theranostic prodrug consisting of a cystamine functionalised
IR780 (Cy), a near-infrared fluorescent heptamethine dye with tumour targeting properties, conjugated to
MTX. In a co-culture of LO2 (normal hepatocyte) and MCF-7 (breast adenocarcinoma) cells, Cy-SS-MTX
was shown to selectively accumulate within the mitochondria of MCF-7 cells. In addition, in both in vitro
and in vivo models, Cy-SS-MTX was shown to reduce off-target toxicity and improve the anti-tumour
efficiency of MTX".
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In summary, after assessing the available evidence, it is clear that further scientific investigation is required

to determine the full role that MT1-MMP plays in OS progression and metastasis. Its expression and

proteolytic capacity are evident. However, MT1-MMP has significant therapeutic potential, particularly

through the exploitation of its proteolytic activity, which allows for the selective release of toxic agents at the

tumour site, helping to reduce oft-target toxicity, which could drastically improve OS patient outcomes and

quality-of-life.
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