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1  |  INTRODUC TION

1.1  |  Insight from basic studies of membrane 
type-1 matrix metalloproteinase and clinical trials for 
cancer therapy

In biological tissues, the cells that comprise the basal lamina and in-
terstitial tissues are surrounded by an extraculluar matrix (ECM).1 
The ECM is composed of collagens, fibronectins, and laminins, 
among other factors, which help maintain homeostasis while pro-
viding physical strength.2 However, when cancer cells proliferate, 

infiltrate, and metastasize, they break down basement membranes 
(BMs), which are the physical barriers generated by the ECM.3 
MMPs play key roles in ECM degradation; membrane-type-1 MMP 
(MT1-MMP) is particularly important for the progression of progres-
sion of malignant tumor cells.4 Although the substrate specificity of 
MMPs has been analyzed in many studies, effective cancer thera-
peutics targeting MT1-MMP have not been developed.5

Low-molecular-weight hydroxamic acid compounds, which 
exhibit broad-range inhibitory activity against numerous MMPs, 
are effective as cancer therapeutics.6–10 Although these studies 
showed that these compounds were remarkably effective in basic 
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Abstract
Strategies to develop cancer therapies using inhibitors that target matrix metallopro-
teinases (MMPs), particularly membrane type-1 MMP (MT1-MMP), have failed. This is 
predominantly attributed to the specificity of MMP inhibitors and numerous functions 
of MMPs; therefore, targeting substrates with such broad specificity can lead to off-
target effects. Thus, new drug development for cancer therapeutics should focus on 
the ability of MT1-MMP to break down substrates, such as functional cell membrane 
proteins, to regulate the functions of these proteins that promote tumor malignancy. 
In this review, we discuss the mechanism by which proteolysis of cell surface proteins 
by MT1-MMP promotes progression of malignant tumor cells. In addition, we discuss 
the two protein fragments generated by limited cleavage of erythropoietin-producing 
hepatoma receptor tyrosine kinase A2 (EphA2-NF, -CF), which represent a promising 
basis for developing new cancer therapies and diagnostic techniques.
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research using cells and mice, their effectiveness in clinical trials has 
not been demonstrated.5–10 This may be because the MMP family 
has numerous conserved active sites, making it difficult to develop 
low-molecular-weight compounds with high specificity for MT1-
MMP.5–10 This highlights the potential for developing novel ther-
apeutics targeting membrane proteins, which play a crucial role in 
cancer development and progression of malignant tumor cells acti-
vated by MT1-MMP cleavage.11–14 Several substrates are cleaved by 
MT1-MMP, including the ECM; however, very few membrane pro-
teins serve as substrates of MT1-MMP.13–18 In a previous proteomic 
study, we broadly identified the membrane proteins that interact 
with MT1-MMP in cancer cells, as well as approximately 150 types 
of MT1-MMP-interacting proteins14,17 (Figure  1A–C), including 
membrane, cytoplasmic, secreted, and unknown proteins. Of these, 
over 25% of the identified proteins were classified as membrane 
proteins14,17 (Figure  1C). Furthermore, many of these membrane 
proteins were cleaved when they were co-expressed with MT1-
MMP in cells, and half of the proteins were found to be substrates 
of MT1-MMP (Figure 1D). We found that the proteolytic cleavage of 
membrane proteins plays a crucial role in the progression of malig-
nant tumor cells.14,16–19 In this review, we describe the mechanism 
by which proteolysis of cell surface proteins by MT1-MMP promotes 
tumor growth activity.13 We also discuss the clinical applications of 
specific fragments generated by proteolysis, including that of the 
erythropoietin-producing hepatoma receptor tyrosine kinase A2 
(EphA2), which is a substrate for MT1-MMP.20

2  |  ROLES OF MEMBR ANE T YPE-1 
MATRIX METALLOPROTEINA SE IN VIVO

Matrix metalloproteinases are metallopeptidases involved in break-
ing down ECM components such as interstitial tissue and BMs.2 In 
humans, there are 24 families of MMPs. Among them, MT1-MMP 
cleaves collagen types I–III, fibronectin, and proteoglycan, which are 
principal components of interstitial tissues, as well as laminin-332, 
which comprises the BMs.12 MT1-MMP also activates proMMP-2 
to the active form for BM degradation.21 MT1-MMP led to the for-
mation of severe phenotypes in MMP knockout mice;21 thus, it is 
thought to serve vital physiological functions. MT1-MMP accumu-
lates at the leading edge of cancer cells, where it breaks down the sur-
rounding ECM, giving cancer cells space for migration, invasion, and 
metastasis.11,22 In addition, normal epithelial cells tend to show sup-
pressed growth activity when cultured in 3D collagen gel; however, 

enforced MT1-MMP expression in cells enhanced cell growth.23 This 
observation suggests that MT1-MMP plays a role in growth activ-
ity through collagen degradation.11,23 Moreover, MT1-MMP is in-
volved in regulating cell migration and adhesion outside the ECM by 
breaking down ECM receptors expressed in cell membranes, such 
as CD44, integrin, and Lutheran.3,14,16–18,24 Furthermore, MT1-MMP 
has various cell regulatory functions, such as cleavage of cell sur-
face signal molecules that transmit signals into the cell from external 
stimuli.4,12,25 We previously showed that MT1-MMP promotes the 
malignant potential of cancer by cleaving heparin-binding epidermal 
growth factor (EGF)-like growth factor, which reduces its heparin-
binding affinity.15,19 Recently, MT1-MMP was found to be a causa-
tive factor in non-cancer illnesses such as obesity, arteriosclerosis, 
and sepsis through limited proteolysis of the GDNF family receptor 
alpha-like, GFRAL, low-density lipoprotein receptor-associated pro-
tein, insulin receptor, and Tie2.26–29

3  |  REGUL ATION OF MEMBR ANE 
T YPE-1 MATRIX METALLOPROTEINA SE 
PROTEOLY TIC AC TIVIT Y

Membrane type-1 matrix metalloproteinase proteolytic activity 
is generally regulated at the expression level both genetically and 
epigenetically.4,30,31 Human MT1-MMP promoter activity is strongly 
influenced by Sp1.32 Compared to other MMPs, MT1-MMP does 
not have a TATA box. This distinctive structure may be involved in 
cancer-specific expression of MT1-MMP.32,33

Furthermore, the expression of the MT1-MMP gene is also 
regulated by DNA methylation and histone acetylation, chromatin 
remodeling, and DNA methylation in the promoter region of tran-
scriptional factors such as SP1.30,31

It is also regulated by the balance between the levels of MT1-
MMP and natural MMP inhibitors, known as tissue inhibitor of 
metalloproteinases (TIMPs).34

Moreover, MT1-MMP activity is regulated by its cytoplasmic 
and extracellular interacting proteins.4,29 For example, MTCBP-1 
suppresses tumor invasion by binding to the intracellular domain of 
MT1-MMP.35 MTCBP-1 expression is inversely correlated with MT1-
MMP expression, and MTCBP-1 appears to contribute to the clear-
ance and downregulation of MT1-MMP.36 In addition, MT1-MMP 
activity is regulated by clathrin-coated pit-mediated endocytosis on 
cell membranes.25 Therefore, serum-starved cancer cells, such as 
on the invasive front of tumors, induce MT1-MMP accumulation in 

F I G U R E  1  Schematic image of FLAG-tagged membrane type-1 matrix metalloproteinase (MT1-MMP) interacting with cytoplasmic and 
membrane proteins at the cell surface in human melanoma A375 cells. (A) The MT1-MMP interacting molecules were extracted from the 
membrane using lysis buffer containing mild detergent Brij-98, which did not disturb the interacting proteins with MT1-MMP.14 (B) FLAG-
tagged MT1-MMP and its interacting proteins were immunoprecipitated using anti-FLAG monoclonal antibody and detected by silver 
staining (left panel). MT1-MMP (green arrows) was detected at 50 kDa by an anti-MT1-MMP monoclonal antibody (1D8, center panel). 
Moreover, biotinylated-membrane proteins (white arrow heads) were detected using avidin (left panel). (C) Precipitants were subjected 
to nano-liquid chromatography–tandem mass spectrometry analysis, and MT1-MMP interacting proteins were classified as membrane, 
cytoplasmic, secretory, and unknown proteins. (D) Identified MT1-MMP-interacting proteins were transfected into HEK293 cells expressing 
Myc-tagged MT1-MMP. CD9, CD98, EphA2, and IL-13Ra2 were cleaved and identified as substrates of MT1-MMP.14
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clathrin-coated pits by suppressing mTOR and promoting degrada-
tion of the surrounding ECM.25

4  |  EPHA 2 CLE AVAGE BY MEMBR ANE 
T YPE-1 MATRIX METALLOPROTEINA SE 
PROMOTES MALIGNANT TUMOR 
PROGRESSION

4.1  |  .EphA2

EphA2, a member of the large family of Ephrin receptor tyrosine 
kinases, recognizes ligands (such as Ephrin-As, which are located 
on the membranes of epithelial cells) and plays important roles in 
maintaining homeostasis in epithelial structures.23,24 EphA2 is 
weakly expressed in various types of normal epithelial tissues but 
highly expressed in various cancers, with its expression correlated 
with cancer malignancy and prognosis.37,38 Furthermore, over-
expression of EphA2 in vitro accelerates the growth of malignant 
cells.39,40 Enforced overexpression of EphA2 induces tumorigenic-
ity of normal mammary epithelial MCF-10A cells in subcutaneously 
injected mice,40 indicating a close relationship between EphA2 and 
tumor malignancy. Considering the importance of EphA2 in can-
cers, researchers have attempted to develop treatment methods to 

suppress EphA2 expression using antibodies, small molecule inhibi-
tors, or oligonucleotide therapeutics, such as small interfering RNA, 
but none have been successful.41–43

4.2  |  Ligand-dependent and independent 
EphA2 signaling

Similarly, in other tyrosine kinases receptors such as EGF recep-
tor (EGFR), EphA2 binds to Ephrin-As, a ligand in the extracellular 
ligand-binding domain, which leads to autophosphorylation of ty-
rosine residues within cells (pY588-EphA2) (Figure  2A).44,45 In con-
trast, EphA2 overexpression in tumors leads to reduced expression 
of ligands such as Ephrin-A.44,46 Because ligand-dependent EphA2 
signaling inhibits the Ras-MAPK signaling pathways induced by 
EGFR activation,45,47,48 it has been suggested that EphA2 signaling 
pathway(s) other than pY588-EphA2 contribute to the acquisition of 
anti-oncogenic EphA2 functions44,45 (Figure 2A).

Miao et al. reported that EphA2 is phosphorylated at serine 
residue S897 (pS897-EphA2) by AKT, which is activated by EGF, in 
glioblastoma and prostate cancer cells.49 The authors showed that 
this phosphorylation increased cell motility (referred to as ligand-
independent phosphorylation)49 (Figure 2B). Zhou et al. subsequently 
analyzed a breast cancer cell line and showed that the RSK is also 

F I G U R E  2  Bifunctional EphA2 
signaling with/without its Ephrin-A 
ligand. (A) Ligand-dependent EphA2 
phosphorylation at EphA2-Y588 recruits 
RAS-GAP120 to inhibit EGFR signaling 
pathways as an anti-oncogenic agent. (B) 
Ligand-free EphA2 interacts with EGFR 
downstream signaling molecules, such 
as AKT and RSK, activate EphA2-S897 
phosphorylation. pS897-EphA2 acts as 
a prooncogenic signal, facilitating small 
GTPase activation to increase motility, 
invasion, and metastasis
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F I G U R E  3  EphA2 cleavage by membrane type-1 matrix metalloproteinase (MT1-MMP) promotes ligand-independent (A) EphA2 
prooncogenic signaling. Schematic image of ligand-independent EphA2 signaling induced by MT1-MMP cleavage. The EphA2 cleavage 
fragment at the C-terminus (EphA2-CF) cannot bind to Ephrin-A ligand, whereas EphA2-CF may be a potent substrate for ATK and RSK, the 
downstream signals of EGFR. (B) MT1-MMP expression (green) was colocalized with the EphA2-C-termus (red, left panel) but not with the 
EphA2-N-termius (red, right panel) in ovarian carcinoma tissues. Scale bar, 50 μm. (C) MT1-MMP expression (red) was colocalized with the 
ligand-independent EphA2 prooncogenic signal (pS897-EphA2, green, left panel) but not with the ligand-dependent EphA2 anti-oncogenic 
signal (pY588-EphA2, green, right panel) in ovarian carcinoma tissues. Scale bar, 50 μm. (D-1) Schematic representation of EphA2 (wild-type 
EphA2) and an uncleavable EphA2 deletion mutant (ucEphA2) lacking the cleavage site. nt, nucleotide number. (D-2) Human carcinoma A431 
cells (5 × 106 cells) transfected with mock (red), wild-type EphA2 (blue), or ucEphA2-expression plasmids were inoculated into nude mice 
subcutaneously. Photograph was taken at 28 days after inoculation. (D-3) Transfected A431 cells (1 × 106 cells) were injected into the tail 
veins of 7-week-old mice, and lung metastasis was analyzed after 60 days. Macroscopic observation of murine lungs
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responsible for pS897-EphA2.50 The mechanism governing the role 
of pS897-EphA2 in promoting tumor malignancy may involve pS897-
EphA2 binding to the guanine nucleotide exchange factor Ephexin-4, 
in which Ephexin-4 moves to cell membranes and activates RhoG, 
thereby activating Rac151 (Figure 2B). This mechanism is thought to 
increase cancer motility and invasiveness. Moreover, feedback acti-
vation of AKT by pS897-EphA2 increases cell survival and malignant 
growth activity.46 Harada et al. reported increased apoptosis in HeLa 
cells in suspension culture following knockdown of Ephexin-4 and 
treatment with PI3K/AKT inhibitors.52 Therefore, pS897-EphA2 may 
activate Ephexin-4, RhoG, and PI3K/AKT to increase cell survival 
(Figure  2B), suggesting that ligand-independent pS897-EphA2 con-
tributes to the acquisition of pro-oncogenic EphA2 functions.

4.3  |  EphA2 cleavage promotes the progression of 
malignant tumor cells

Cancer cells must selectively use EphA2 ligand-dependent tumor 
suppressor and cancer-promoting signals for tumor progression.

The availability of EphA2 ligands is expected to reduce during 
tumor progression. However, EphA2 ligands, such as Ephrin-A1, 
are abundantly expressed in many tumor types.53 Furthermore, 
soluble monomeric Ephrin-A1 is detectable in glioblastoma patient 
sera and hepatocellular carcinoma,54,55 and monomeric Ephrin-A1 
can induce EphA2 tyrosine phosphorylation.54 Therefore, it re-
mains unclear how the conversion of EphA2 signaling from a 
ligand-dependent to an independent state is switched in cancer 
cells.

Previously, we identified EphA2 as an MT1-MMP substrate 
through systematic proteomic analysis (Figures 1D, 3A).14,17 In ad-
dition, immunohistochemical staining of various cancer tissues 
revealed that the extracellular N-terminal end of EphA2 was not 
co-localized with MT1-MMP when the intracellular C-terminal of 
EphA2 was co-localized with MT1-MMP (Figure 3B left and right, 
respectively).13 Therefore, EphA2 is likely cleaved by MT1-MMP in 
vivo. Previous research revealed that MT1-MMP cleaves multiple 
sites on EphA213,56; however, in every case, the extracellular ligand-
binding domain of EphA2 was cleaved to produce an N-terminal-
truncated form. According to immunostaining of various types of 
cancer tissues (e.g., ovarian, head and neck, and stomach cancers), 
when pS897-EphA2 was co-localized with MT1-MMP, pY588-EphA2 
was not co-localized with MT1-MMP13 (Figure  3C, left and right, 
respectively).

Therefore, the MT1-MMP-cleaved EphA2 receptor becomes 
insensitive to ligands during tumor progression and no longer sup-
presses oncogenic signaling pathways even in the presence of 
the Ephrin-A ligand (Figure  3A). When tumor cells expressing an 
EphA2 deletion mutant with the cleavage sites removed to resist 
MT1-MMP-cleavage were injected subcutaneously into nude mice 
(Figure  3D-1), the tumor size was significantly reduced compared 
to that following injection of cells expressing wild-type EphA213 
(Figure  3D-2); lung metastasis was also reduced13 (Figure  3D-3). 

These results suggest that cleavage of EphA2 by MT1-MMP triggers 
activation of ligand-independent EphA2 oncogenic signaling, leading 
to progression of malignant tumor cells (Figure 3A).

F I G U R E  4  Application of EphA2-NF in clinical diagnosis. (A) 
Metalloproteinases such as a disintegrant and metalloproteinases 
ADAMs and membrane type-1 matrix metalloproteinase (MT1-
MMP) cleave EphA2 into fragments that are released from the cell 
surface. Moreover, extracellular vesicles such as exosomes contain 
intact EphA2 (wild-type EphA2) secreted from cancer cells. (B) A 
specific ELISA detection method using antibodies (76A1 and 62A1) 
against EphA2-NF released by MT1-MMP cleavage was established 
in our laboratory, as reported previously.20 (C) Serum levels of 
EphA2-NF in some patients with carcinoma and healthy donors. 
The cutoff value of 350 pg/mL was determined as the mean plus 
two standard deviations
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5  |  EPHA 2 CLE AVAGE FR AGMENTS A S A 
DIAGNOSTIC AND THER APEUTIC TARGET 
FOR C ANCER

Membrane type-1 matrix metalloproteinase and EphA2 are closely 
related to cancer progression, as each molecule is thought to be a 
therapeutic target for cancer therapy.42,57–63 Therefore, the two N- 
and C-terminal cleavage fragments of EphA2 formed through inter-
actions of a protease and its substrate are specifically produced in 
cancers and may be useful as biomarker and/or therapeutic targets 
for cancer therapy.13,20,56

The EphA2-N terminal fragments (EphA2-NF) freed from cells 
are cancer biomarkers. However, several studies reported that 
EphA2-related proteins are released extracellularly.13,64,65 For 
example, wild-type EphA2 can be released from cells as extracel-
lular domains through ectodomain shedding by a disintegrin and 
metalloproteinase family protease or as vesicles44,64,65 (Figure 4A). 
Therefore, two monoclonal antibodies (76A1, 62A1) were developed 
that specifically recognize EphA2-NF produced by MT1-MMP cleav-
age in ELISA20 (Figure 4B). When serum EphA2-NF in patients with 
various cancers was measured using sandwich ELISA with the spe-
cific antibody, high levels of serum EphA2-NF were observed in pa-
tients with pancreatic carcinoma20 (Figure 4C). Currently, EphA2-NF 
is being clinically evaluated as a new serum biomarker for pancreatic 
cancer diagnosis.

In contrast, because the C-terminal EphA2 fragment (EphA2-CF) 
left behind following MT1-MMP cleavage cannot bind to Ephrin-A, 
it is thought to escape uptake into the cell caused by ligand stimuli; 

therefore, this fragment can be stably expressed on cancer cell 
membranes (Figure 5A) 13 Many pathological studies reported that 
cancer tissues exhibit higher expression of EphA2 compared with 
normal tissues37,39,42,44; however, these studies used a polyclonal 
antibody to recognize the C-terminal cytoplasmic domain, which 
suggested that the N-terminally truncated EphA2 is expressed in 
many cancer tissues.44,57 Furthermore, compared with wild-type 
EphA2, EphA2-CF functions as a pro-oncogenic signaling molecule 
to convey ligand-independent pro-oncogenic signals from AKT or 
RSK66 (Figure 5). In fact, EphA2 is highly expressed in aggressive 
hepatocellular carcinoma (HCC) cells with acquired resistance to 
sorafenib, a molecular targeted drug for HCC.67 In addition, sta-
tistical analysis of 17 HCC cell lines with different levels of ma-
lignancy, which was performed to quantify EphA2, EGFR, and its 
downstream signaling pathways, revealed pAKT and pS897-EphA2 
as key molecules for regulating malignant growth in highly meta-
static HCC.66 Moreover, AKT inhibitors strongly suppressed HCC 
proliferation and motility in vitro.66 These findings suggest that 
in contrast to previous cancer molecule-targeting drugs that tar-
get wild-type EphA2, EphA2-CF, which is generated by MT1-MMP 
cleavage, should be targeted for HCC therapeutics.

AUTHOR CONTRIBUTIONS
Ikeda K, Kaneko R, Tsukamoto E, and Funahashi N contributed to 
the concept and drafted the manuscript, and N Koshikawa contrib-
uted to the concept and design and approved the final version of the 
manuscript.

ACKNOWLEDG MENTS
NK would like to thank, Dr Motoharu Seiki, an emeritus professor at 
the Division of Cancer Cell Research, Institute of Medical Science, 
University of Tokyo, for his support and encouragement during this 
project. This study was supported by grants from the Japan Agency 
for Medical Research and Development (Grant #21 cm0106476), 
KAKENHI (Grant-in-Aid for Scientific Research (C), JP17H06329, and 
Research Grant of the Princess Takamatsu Cancer Research Fund.

FUNDING INFORMATION
The Japan Agency for Medical Research and Development (Grant 
#, 21 cm0106476), KAKENHI (Grant-in-Aid for Scientific Research 
[C], JP17H06329), and Research Grant of the Princess Takamatsu 
Cancer Research Fund.

CONFLIC T OF INTERE S T
NK received research funds from Abbott Japan LLC. The other au-
thors have no potential conflicts of interest.

E THIC AL APPROVAL
Approval of the research protocol by an Institutional Reviewer 
Board: N/A.

Informed Consent: N/A.
Registry and the Registration No. of the study/trial: N/A.
Animal Studies: N/A.

F I G U R E  5  Schematic image of EphA2 cleavage by membrane 
type-1 matrix metalloproteinase (MT1-MMP) producing the 
ligand-unbound fragment (EphA2-CF). EphA2-CF no longer acts 
as a transducer for ligand-dependent anti-oncogenic signaling. 
In contrast, EphA2-CF may be the ligand-independent EphA2 
pro-oncogenic signal that is constitutively activated as a substrate 
for AKT and RSK in epidermal growth factor (EGFR) downstream. 
EphA2-CF may be a key molecule regulating the malignant 
progression of tumor cells and an important candidate target in 
tumor molecular targeted therapy
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