Carcinogenesis, 2022, 43, 405-418
https://doi.org/10.1093/carcin/bgac037
Advance access publication 18 April 2022

Review

OXFORD

Review

Unravelling the distinct biological functions and potential
therapeutic applications of TIMP2 in cancer

David Peeney*', Yueqin Liu, Carolyn Lazaroff, Sadeechya Gurung and
William G. Stetler-Stevenson*

Laboratory of Pathology, Center for Cancer Research, NCI, NIH, Bethesda, MD 20892, USA

*To whom correspondence should be addressed. Tel: 240-858-3233; Email: david.peeney@nih.gov
Correspondence may also be addressed to William G. Stetler-Stevenson. Tel: 240-760-6105; Email: sstevenw@mail.nih.gov

Abstract

Tissue inhibitors of metalloproteinases (TIMPs) are a conserved family of proteins that were originally identified as endogenous inhibitors of
matrixin and adamalysin endopeptidase activity. The matrixins and adamalysins are the major mediators of extracellular matrix (ECM) turnover,
thus making TIMPs important regulators of ECM structure and composition. Despite their high sequence identity and relative redundancy in
inhibitory profiles, each TIMP possesses unique biological characteristics that are independent of their regulation of metalloproteinase activity.
As our understanding of TIMP biology has evolved, distinct roles have been assigned to individual TIMPs in cancer progression. In this respect,
data regarding TIMP2's role in cancer have borne conflicting reports of both tumor suppressor and, to a lesser extent, tumor promoter functions.
TIMP2 is the most abundant TIMP family member, prevalent in normal and diseased mammalian tissues as a constitutively expressed protein.
Despite its apparent stable expression, recent work highlights how TIMP2 is a cell stress-induced gene product and that its biological activity can
be dictated by extracellular posttranslational modifications. Hence an understanding of TIMP2 molecular targets, and how its biological functions
evolve in the progressing tumor microenvironment may reveal new therapeutic opportunities. In this review, we discuss the continually evolving
functions of TIMP proteins, future perspectives in TIMP research, and the therapeutic utility of this family, with a particular focus on TIMP2.
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Introduction

Matrix metalloproteinases (MMPs) of the metzincin family
are the primary agents responsible for mediating the turnover
of the extracellular matrix (ECM). Expression of MMPs and
activation of their proteolytic activity, while often associated
with many chronic disease states, are also key during embryo-
logic development and for the maintenance of normal tissue
structure and function. In the extracellular tissue compart-
ment, the proteolytic functions of these proteases are prin-
cipally regulated by tissue inhibitors of metalloproteinases
(TIMPs). Thus, by definition, TIMPs are pivotal to
maintaining tissue homeostasis as highlighted by their role
as modulators of proteolytic ECM turnover. However, as is
common with newly discovered genes, TIMPs were named
with regard to this initially identified function which resulted
in a diminution of other potentially relevant biological activ-
ities. Irrespectively, since their original discovery TIMPs have
been characterized as multifunctional regulators of cellular
and ECM biology that can act independently of MMPs to
support cardiovascular, immune and cognitive functions, as
well as playing roles in chronic disease states such as ische-
mic disease (myocardial infarction, stroke), degenerative joint
disease, cognitive dysfunction (Alzheimer’s and Parkinson’s
diseases) as well as cancer progression (1-5).

In this review, we focus on the multifunctional nature of
TIMPs in general, with an emphasis on TIMP2, to explore
their role in the maintenance of homeostasis under normal
conditions and their emerging role in modulating cell be-
havior during disease progression. Much attention has been
focused on the potential therapeutic utility of TIMP3 in car-
diovascular disease and the identification of TIMP1 as a poor
prognostic indicator for cancer progression, partly mediated
through its role in tumor cell survival via CD63 signaling (6).
Here, we concentrate on the putative role of TIMP2 in the
regulation of metzincin activity, as well as direct cell signaling
pathways that modulate cell proliferation, migration, and
cell fate. We will focus on the convergence of these multiple
TIMP2 functions and the contextual contributions to both
normal and disease states. Our purpose is to collect and syn-
thesize data from numerous studies to encourage a clearer
understanding of TIMP2 biology and help define new direc-
tions for future research.

Brief overview of structure and function of
TIMPs

The mammalian TIMP family consists of four genes that dis-
play 39-51% identity. TIMP1 is the most distinct member,
with the remaining family members having diverged early
on to create TIMP2/3/4 that possess slightly higher identities
across their primary structures (47-51%) (Figure 1). The pro-
teinase inhibitory activities of TIMPs are mediated by their
N-terminal domains and this region displays the greatest se-
quence similarity (Figure 1A), reflecting their broad-spectrum
inhibition of metzincin proteinase activity. It is important to
note that TIMP1 displays more restricted targeting due to a

low affinity for membrane-type MMPs (MT-MMPs) (7), of
which there are six present in humans (8). TIMP3 displays the
widest range of targets, effectively inhibiting a host of other
metzincin proteinases belonging to the ADAM (A disintegrin
and metalloproteinase) and ADAM-TS (ADAM with
thrombospondin motifs) families. Similar among TIMPs is
the existence of two domains, carboxy- and amino-terminal,
that are both stabilized by three internal cysteine bridges,
generating six loop structures with a distinct topology that
dictate their biological activity, including affinity towards dif-
ferent metzincin targets (9). These two domains give rise to
TIMP proteins distinctive OB-fold, wedge shape, as exempli-
fied by TIMP2 in Figure 2A. Unique amongst TIMPs, TIMP3
displays tight binding to the ECM through interaction with
heparan sulfate and other sulfated proteoglycans (10). The re-
maining members are fully soluble and freely diffuse through
the ECM, which may be an important consideration in terms
of TIMP therapeutic applications. Although the N-terminal
domains of TIMPs are responsible for their inhibitory inter-
actions with active MMPs, the C-terminal domains display
variable contacts with cognate MMPs that play a role in se-
lectivity, cell-mediated pro-enzyme activation, and affinity to-
wards target MMPs (11, 12). TIMPs are a highly conserved
family, the evolution and structure of which are extensively
reviewed elsewhere (13,14).

Each member of the TIMP family demonstrates a unique
pattern of expression. Canonical regulation is observed
at the transcriptional and translational levels, with add-
itional regulation through miRNA expression. In fact, there
have been >100 miRNA interactions reported for TIMP2
(15), suggesting that this represents a major mechanism
controlling TIMP2 protein levels. In addition, new find-
ings reveal additional levels of functional regulation via
posttranscriptional modifications (16-18). TIMP2 is ubiqui-
tously expressed and can be detected in all normal tissues,
even showing similar levels of expression across various
disease states (19). TIMP3 is also readily found throughout
tissues, expression of which is strongly associated with the
vascular system (20). TIMP1 expression is less apparent in
most normal tissues but is frequently upregulated in inflam-
matory and disease states (21). TIMP4 displays the most
restrictive transcriptional profile (21), although appreciable
expression is noted in the heart and cerebellum (22,23).
Expression of TIMP1 and 3 are inducible by various stim-
uli in multiple cell models (24-26) and this regulation is
cell-type dependent. On the contrary, TIMP2 transcription
is not readily induced by growth factors and cytokines but
has recently been characterized as a cell-stress-induced
gene product (27). An in-depth, whole-body study of TIMP
protein levels and localization in normal tissues is lacking
which would provide a clear insight into the regulation and
activity of the TIMP family.

TIMP1/3/4 are nested within the introns of a class of
genes called synapsins (28), a family of highly abundant
neuron-specific synaptic phosphoproteins (29). Despite
this association, there is little evidence of a regulatory
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Figure 1. TIMPs are a highly conserved family of endogenous proteins. (A) Sequence comparison of the TIMP family identifies a largely conserved
family with high sequence identity at their N-terminal regions (fully conserved residues highlighted in green), emphasizing their redundancy in action
with regards to metalloproteinase inhibition (TIMP alignments are presented in order of their phylogenetic relationships, see Panel (C)). (B) Percentage
sequence identity across the human TIMP family. (C) Evolutionary phylogeny across human TIMP family shows that TIMP1 is the most unique in terms
of sequence identity and phylogenetic analysis suggests that it has the most ancient direct ancestor of the human TIMPs. (D and E) TIMP2 sequences
are highly conserved, even showing around 25% identity with the single fruit fly (D. melanogaster) timp gene. Phylogenetic analysis was performed
through http://www.phylogeny.fr/, using “One-Click” mode (see additional information).

relationship between TIMPs and synapsins. In contrast,
TIMP2 is not nested within a synapsin gene but rather
plays host to another gene named CEP295NL (DDCS).
This uncharacterized protein-coding gene is described
as testis-specific, with RNA sequencing data support-
ing the idea that its expression is highly restricted (30)
(Human Protein Atlas proteinatlas.org). Despite this, re-
ports suggest it may have a wider tissue distribution that
mimics TIMP2. Interestingly, both TIMP2 and DDCS8 are

upregulated in concert following traumatic brain injury in
mice (31).

Overview of TIMP2 in cancer biology

As the understanding of TIMP biology has progressed, clear
delineations of TIMP roles in tumorigenesis and progres-
sion have developed. Although several models initially linked
TIMP1 to tumor-suppressive effects (32-34), it has now be-
come widely associated with a worse prognosis in many solid
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Figure 2. Structure of TIMP2 alone and in complex with pro-MMP2/active MMPs. (A) TIMP2 3D structure based on X-ray diffraction studies (Protein
Data Bank structure 1BR9) (68) demonstrating the classic OB-fold structure. The N-terminal domain is highlighted in green, the C-terminal domain in
purple. The six disulfide bonds critical for correct secondary structure are highlighted in yellow and the position of the three phosphorylated tyrosine
residues (Tyr36, Tyr64 and Tyr139 of the mature secreted protein) are shown in white, with Tyr64 being critical for regulation of MMP2 and HSP90
interactions. The BC loop (light blue) containing three acidic amino acid residues (Blu57, Asp59 and Glu61, shown in red) is the proposed integrin binding
domain. Also shown are the N-terminal cysteine (Cys1) and C-terminal alanine residues (truncated in the analysis). The true C-terminal residue is a
proline residue (Pro194), which has been artificially extrapolated and labeled. The orange domain within the C-terminal domain highlights loop 6, which
is responsible for direct antagonism at the IGF1-receptor. (B) Structure of TIMP2 in complex with pro-MMP2 (68) superimposed with TIMP2 complexed
with the catalytic domain of MMP10 (12) (TIMP2 from this image is hidden) emphasizes the fact that TIMP2 proteinase inhibitory activity is mostly
unhindered when in complex with pro-MMP2. The fate of this theoretical heterotrimer is uncertain.

tumors. These effects are largely mediated through interaction
with CD63 to support pro-tumorigenic signaling (35-37), re-
viewed extensively here (6). TIMP4 remains poorly studied,
likely due to a largely restricted expression profile that is
mostly limited to the brain and heart (22,23). Although a
handful of reports exist, there is no consensus on its unique
mechanistic activities, if any, in tumors (38). Overlooking a
handful of reports, TIMP3 biology is clearly within the realm
of tumor suppressor activity (21). Similarly, TIMP2 biological
activity leans towards that of a tumor suppressor. Although

some questions remain due to various reports linking TIMP2
with tumor cell survival and proliferation during in vitro
studies, as well as a poorer prognosis in cancer patients.
These reported effects are largely mediated through TIMP2’s
interaction with MMP14 and downstream signaling associ-
ated with this interaction (39-41). The TIMP2:MMP14 inter-
action has been described to support mitogenic signaling in
cancer cells via PI3K/Akt and MAP kinase signaling activity
(39,40,42). Despite its activity through MMP14, TIMP2 can
inhibit receptor tyrosine kinase signaling leading to reduced
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proliferation and/or angiogenesis (43-45). Furthermore,
TIMP2-deficient mice display increased tumor growth and
angiogenesis, enhanced inflammation (local and systemic),
and an increase in the immunosuppressive myeloid-derived
suppressor cells in a subcutaneous model of Lewis lung car-
cinoma (46). The immune regulatory functions of TIMP2
are further enhanced by the observation that TIMP2 (and
TIMP1) could reduce TGFB-induced formation of decidual-
like natural killer cells (47). These decidual-like natural killer
cells can support and nurture the progressing tumor micro-
environment, and TIMP2-mediated reduction of these cells is
consistent with other reports of TIMP2-mediated tumor sup-
pressor activity (48). In an orthotopic model of triple-negative
breast cancer, daily injection of recombinant human TIMP2
significantly inhibits tumor growth and metastasis (49). In
support of its potential utility in reducing metastatic bur-
den, TIMP2 is a potent inhibitor of invadopodia formation
using in vitro models of pancreatic and breast carcinomas
(50,51). To understand the mechanisms and consequences of
TIMP2 bioactivity it is important to explore its interactome.
In the following sections, we examine the emerging TIMP2
interactome, regulation of TIMP2 function and therapeutic
potential.

TIMP:MMP interactions

The second member of the TIMP family, TIMP2, was initially
identified in 1989 as a high-affinity non-covalent binding part-
ner to what was then called type IV procollagenase/72 kDa
gelatinase/gelatinase A (now known as pro-MMP2) and was
recognized as an endogenous inhibitor of MMP2 collagenolytic
activity (52). MMP2 is secreted as a 72kDa zymogen with an
80 amino acid pro-domain that masks the N-terminal cata-
lytic domain, blocking proteinase activity. The TIMP2:pro-
MMP2 interaction that facilitated the discovery of TIMP2 is
separate from its conserved inhibitory interaction with active
MMP catalytic sites. The C-terminal domain of TIMP2 forms
a high-affinity interaction with the C-terminal hemopexin do-
main of pro-MMP2 that produces a stable dimer which likely
constitutes the bulk of tissue-resident TIMP2 and MMP2 in
the extracellular compartment (53). Similar interactions occur
between other members of the TIMP and MMP families, with
TIMP1 binding to pro-MMP9, TIMP4 to pro-MMP2, and
TIMP3 to both pro-MMP2 and pro-MMP9 (53-56). It should
be noted that the TIMP3/4 interactions with pro-MMPs are
of slightly lower affinity than those of TIMP1/2 (56,57). The
formation of the stable dimer between the C-terminal do-
mains of TIMP2 and pro-MMP2 is crucial for the bulk of
pro-MMP2 activation in a well-documented cascade. This
pro-MMP2:TIMP2 complex was initially purified from con-
ditioned media generated by the human melanoma cell line
A2058 (52). In this system little or no free pro-MMP2 was
detected, suggesting that the pro-enzyme-inhibitor complex
was the principal form produced by these tumor cells. This
finding posed the question; why is proenzyme produced in
complex with an endogenous inhibitor? Follow-up studies
led to the identification of a cell-mediated activation cas-
cade involving the formation of a trimolecular complex with
MMP14 (58), and that TIMP2 binds to pro-MMP2 before cell
surface interaction and activation via MMP14, rather than
the TIMP2:MMP14 complex acting as an MMP2 receptor.
Activation of pro-MMP2, which is in complex with TIMP2,
at the cell surface involves the N-terminal of TIMP2 binding
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to a homodimerized MT MMP14. This is followed by cleav-
age within the pro-domain of MMP2 by the free MMP14
catalytic site, resulting in a stepwise activation cascade that
generates a ~62 kDa proteolytically active MMP2 (aMMP2)
(58). The molecular mechanism that governs the separation
of TIMP2 from the hemopexin domain of aMMP2, and the
fate of TIMP2 following the conclusion of this mechanism,
are uncertain. It has been suggested that TIMP2 is internal-
ized, followed by either degradation (59) or dissociation from
MMP14 and recycling as an intact TIMP2 molecule (60). The
cell-mediated decision of whether TIMP2 is degraded or re-
cycled may rely on other biological input or signals, evidenced
by the observation that TIMP2 degradation is enhanced in
the presence of collagen IV (61), which may influence broader
tissue functions like migration and invasion. New data pro-
vides further insights into the TIMP2:pro-MMP2 interaction,
revealing regulatory mechanisms dictating their affinity and
activity through posttranslational modification and inter-
play with heat shock protein chaperones, discussed below
(18,27). Activated MMP2 localizes to the cell surface via
interaction with V3 integrin (62) independent of TIMP2 to
mediate cell migration and invasion. Subsequently, this pro-
teinase activation cascade can continue with regards to pro-
MMP9 activation, whereby the newly aMMP2 can cleave the
pro-domain of MMP9 that is complexed with both TIMP1
and ADAM10 as a separate trimolecular complex at the cell
membrane (63,64) (Figure 3). The congregation of membrane-
associated complexes requires a level of membrane organiza-
tion that promotes this cascade, but many of these processes,
such as the regulation of MMP14 dimerization remain poorly
understood. This pro-MMP2 activation pathway is unique to
TIMP2 despite the ability of TIMP3 and TIMP4 to bind to the
proenzyme (65-67). Importantly, as depicted by the MMP2
activation mechanism, TIMP2 in complex with pro-MMP2 re-
tains the ability to inhibit the catalytic activity of MMPs. This
can be appreciated in Figure 2B by comparing the structures
of TIMP2 in complex with pro-MMP2 superimposed with the
TIMP2:MMP10(catalytic region) interaction (12,68).
MMP14, also referred to as MT1-MMP, has also been
described as a TIMP2 receptor that is both structurally and
functionally distinct from the pro-MMP2:TIMP2:MMP14
receptor complex mentioned above, initiating mitogenic
signaling through the MAP kinase pathway (40) in a manner
that is modulated by ECM composition (39). The expression,
activity and localization of MMP14 are regulated by multiple
mechanisms including dimerization (69) and interactions
with other membrane proteins including aVp3 integrins,
CD151 and ADAM12 (70-73). It is unknown whether the
cell signaling response downstream of the TIMP2:MMP14
interaction is altered by the presence of pro-MMP2 dimerized
with TIMP2. MMP14 expression, localization and activity
are captive to ECM composition in that its surface expres-
sion is vastly increased in response to excess/aberrant ECM-
cell adhesive interactions (74,75). MMP14 is well studied
and displays clear associations with pathology. In addition,
MMP14 knockout mice display a severe phenotype, including
dwarfism, lipodystrophy, osteopenia and arthritis that are as-
sociated with deficits in collagen turnover (76,77). MMP14
deficiency is associated with high mortality highlighting its
importance in the developmental process (78). The effects of
TIMP2:MMP14 induced Erk1/2 and Akt signaling are me-
diated via Src or LIMK phosphorylation of a unique tyro-
sine residue (Y573) in the cytoplasmic tail of MMP14 and
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Figure 3. TIMP-mediated Gelatinase (MMP2/9) activation cascade.TIMP1 and TIMP2 can mediate a stepwise method of gelatinase activation that also
relies on the presence and activity of the metalloproteinases MMP14 (MT1-MMP) and ADAM10. The latent TIMP2:pro-MMP2 complex retains inhibitory
activity against MMP14. Binding of TIMP2 to MMP14 allows cleavage of the pro-domain of MMP2 by a free MMP14 in close proximity. Active MMP2,
released in the vicinity of the plasma membrane, can cleave pro-MMP9 which is membrane-associated through the TIMP1:ADAM10 inhibitory complex,
resulting in dual gelatinase activity at the site of activation. Created with BioRender.com.

are independent of MMP14 proteolytic activity (79,80).
Recent studies have shown that a phosphomimetic Y573D
mutation of MMP14 in mice results in a phenotype similar
to MMP14-deficient mice (42). The consequences and fate of
TIMP2 interactions with other MT-MMPs are poorly under-
stood. For example, MMP17 (MT4-MMP) has been shown
to enhance pro-tumorigenic EGFR signaling using a model
of triple-negative breast cancer in a proteinase-independent
manner (81), it would be of interest to investigate if/how
TIMPs modulate this response.

In addition to targeting all members of the MMP family,
TIMP2 also inhibits the function of ADAM12, of the related
ADAM family, and ADAMTSS8 of the ADAM-TS family (82).
ADAM12 exists as a long or short form (ADAM12-L and
ADAM12-S, respectively). ADAM12-L is membrane-tethered
with the ability to mediate outside-in signaling independent
of its proteinase activity, and increased expression is largely
associated with cancer (83). No data has been described re-
garding the outcomes of the TIMP2:ADAM12-L interaction
and whether it occurs at appreciable levels in vivo. Although
it was initially reported that TIMP2 displayed no inhibitory
effects against ADAM10 activity (84), replacement of the
TIMP1 C-terminal domain with that of TIMP2 increased
affinity for ADAM10 5-fold. The same study also reported
that this chimera displayed a >40-fold increase in affinity for
ADAM17 (85), suggesting that the inhibitory profiles of the
TIMP family are yet to be fully revealed.

Studies have also demonstrated that like TIMPs, MMPs
possess proteinase-independent activities (86). For ex-
ample, MMP3 (Stromelysin-1) maintains adult mammary
stem cells through a proteinase-independent manner (87).
However, TIMPs likely retain a level of regulation over some
of these proteinase-independent processes since the forma-
tion of proteinase-inhibitory heterodimers has been shown
to increase MMP-affinity for the broad-targeting endocytic

receptor low-density lipoprotein receptor-related protein 1
(LRP1) (88,89). LRP1-driven scavenging of extracellular pro-
teinases represents another major regulatory control of mat-
rix composition that works in tandem with TIMPs.

TIMP2:LRP family

The low-density lipoprotein receptor superfamily comprises
seven structurally similar transmembrane proteins. Several of
these receptors are multi-functional, promiscuous endocytic
receptors that include LRP1 and LRP2 (90). TIMP1-3 have
been identified as canonical LRP1 ligands, either individually
or in complex with pro/active MMPs (91-93); and at least for
TIMP1, these interactions can reveal cytokine-like activities
(93). Two amino acids, F12 and K47, have been identified in
TIMP1 that are crucial for TIMP1 intrinsic dynamics sup-
porting endocytosis and signaling through LRP1. However,
mutation of these residues does not disrupt LRP1 binding
(94). Interestingly, these two corresponding amino acids are
fully conserved in TIMP2 and partially conserved in TIMP3/4
strongly suggesting that similar modes of action occur across
the family. LRP2 is known to share numerous LRP1 ligands,
although its expression is largely restricted to the apical sur-
faces within the kidney, thyroid and gall bladder (95-97).
Indeed, TIMP2 has been described as an LRP2 ligand when
in complex with pro-MMP2, leading to renal reabsorption
of the complex into the circulation (98). Although likely, it
remains to be seen whether this process translates to other
members of the TIMP family.

Although LRP1 is the major mediator of extracellular
proteinase recycling, it is itself a target of several protein-
ases including MMP14, ADAM10 and ADAM12 (99,100).
Proteolytic targeting of LRP1 can produce a soluble LRP1
fragment that retains ligand binding capacity and competes
with cell surface LRP1 for TIMP3 binding. The resulting
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TIMP3:soluble LRP1 complex is resistant to LRP1-mediated
endocytosis and retains MMP-inhibitory activity (92,101).
This observation likely extends to other LRP1 targets,
including other members of the TIMP family, impairing the
trafficking of key matrisome components.

TIMP2:03p31 integrin

Integrins are transmembrane proteins that act as fundamen-
tal bridges (or integrators) between the ECM and the cyto-
skeleton. They exist as heterodimers with one o and one 3
subunit that comprise at least 24 unique combinations (102).
Not long after its initial discovery, it was identified that
TIMP2 could inhibit growth factor-induced endothelial cell
and fibroblast proliferation independent of its proteinase in-
hibitory activity (103-105). Later in-depth characterization
of this observation described that TIMP2 could inhibit angio-
genesis through direct interaction with a3p1 integrin (a3p1),
leading to the enhanced association of Src homology region
2 domain-containing phosphatase-1 (SHP-1) tyrosine phos-
phatase with vascular endothelial growth factor receptor 2 or
fibroblast growth factor receptor 1. This interaction promotes
SHP-1 phosphatase activity that directly inhibits the cascade
of phosphorylation required to support mitogenic signaling
(43). Further studies identified that this interaction could
also mediate the upregulation of RECK (Reversion Inducing
Cysteine Rich Protein With Kazal Motifs) expression via
stimulation of Rap1 signaling. RECK is a membrane-tethered
inhibitor of metalloproteinases that acts as a suppressor of
angiogenesis, invasion, and metastasis (106) (Figure 4). Later,
the crucial peptide sequence required within TIMP2 for the
a3p1 interaction was identified as a unique structural region
with the N-terminal B-C loop of TIMP-2, and a small synthetic
linear peptide sequence derived from this region retained anti-
angiogenic activity (107). Not to be limited to cells of the
vascular system, the TIMP2 interaction with integrin f1/a3p1
has been shown to regulate neuromuscular junction develop-
ment and neuronal differentiation, respectively (108,109). In
concert with the motor deficits and phenotypic alterations ob-
served in TIMP2-deficient mice (108,110), these findings sug-
gest that TIMP2 may play a regulatory role in nervous system
function. The TIMP2:03p1 interaction may be complicated
by tetraspanin CD151, which has been shown to mediate
the formation of a ternary complex between itself, a3p1 and
MMP14 (72) (Figure 5). Knockdown of CD151 was shown
to enhance MMP2 activation, suggesting that CD151 may
inhibit the TIMP2:MMP14 interaction that leads to the ac-
tivation of MMP2 (72). This ternary complex was identified
in endothelial cells, suggesting that CD151 and MMP14 may
have important regulatory roles in TIMP2s anti-angiogenic
activities that occur through a3f1.

TIMP1 has also been shown to induce cell signaling events
through B1 integrins (6,35), with TIMP1 signaling occurring
in conjunction with its cognate receptor, tetraspanin CD63.
The consequences of integrin activation by TIMP1 and
TIMP2 are vastly different. TIMP1 signaling activity is as-
sociated with pro-mitogenic/anti-apoptotic effects, whereas
TIMP2 is associated with anti-mitogenic effects (35), sup-
porting the cumulative data that TIMP1 is generally a poor
prognostic factor in tumors (21,36,111,112). Interestingly,
CD63 also interacts with MMP14 promoting its internal-
ization and degradation (113). Whether the TIMP1:CD63
interaction perturbs MMP14 internalization and degrad-
ation remains to be seen.
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TIMP2:insulin-like growth factor 1 receptor

Insulin-like growth factor (IGF) signaling is a fundamental
regulator of tissue growth and development. Consequently,
numerous disease states can be characterized by enhanced
IGF pathway activity as a result of IGF-1 receptor (IGF1-
R/IGF1R) gene amplification and other genetic alterations
associated with the pathway. The IGF-IGF-1R signaling path-
way has been implicated in various steps in tumorigenesis
including proliferation and metastasis (114). Additionally,
IGF-1 signaling through IGF-1R has been shown to pro-
mote vascular growth and remodeling (115-117). The anti-
angiogenic capabilities of TIMP2 are not strictly limited to
the interaction with a3p1 integrin, which is mediated through
the N-terminal of TIMP2. It has also been identified that the
C-terminal loop 6 of TIMP2 is a direct antagonist for IGF-I at
IGF-1R in endothelial cells (Figure 6). This antagonism leads
to an inhibition of kinase signaling downstream of IGF-1R,
and it is independent of @351 and MMP14 interactions (45).
These observations highlight a duality in TIMP2 function
with regards to its suppressive effects upon angiogenesis/pro-
liferation that make TIMP2 a promising candidate as a bio-
logical therapeutic.

New directions in the regulation of TIMP2
functions

Recent findings demonstrate that TIMP2 can be tyrosine
phosphorylated at three of its seven tyrosine residues (18).
Residues Y62, Y90 and Y165 (designated positions include
the signal peptide sequence) are phosphorylated by extra-
cellular ¢-Src kinase. Crucially, phosphorylation at Y90 is
essential for the TIMP2:pro-MMP2 interaction and sub-
sequent MMP2 activation via the trimolecular complex
formation with MMP14 (Figure 6). Furthermore, Y90 phos-
phorylation leads to a 5-fold increase in MMP2 active site
inhibition by TIMP2, suggesting that this phosphosite could
regulate TIMP2 affinity for other MMPs such as MMP14,
which could enhance MMP2 activation (18).

Extracellular HSP90 (eHSP90) is an important facilitator of
cellular invasion, in part through its interaction with, and sta-
bilization of, 62kDa aMMP2 (118). Although classically seen
as a TIMP family member that is constitutively expressed,
TIMP2 was recently identified as a stress-inducible protein
that is a potent inhibitor of eHSP90 ATPase activity. TIMP2
actively disrupts the aMMP2-stabilizing aMMP2:eHSP90
interaction, maintaining aMMP2 in an inhibitory state. In
addition, TIMP2:aMMP2:eHSP90 can exist as a transient,
inactive ternary complex that creates a store of stable, pro-
teolytically inactive aMMP2 which, in theory, can be rapidly
activated. Secreted AHA1 is an activating HSP90 co-chaperone
that directly competes with TIMP2:eHSP90 binding, serving
as an activating mechanism promoting aMMP2 enzymatic
activity as a new ternary complex of aMMP2:eHSP90:AHA1
(27). The details of the TIMP2:MMP2:¢HSP90 interaction
are likely linked to the phosphorylation status of TIMP2,
which was separately shown to increase TIMP2 affinity for
aMMP2 (18).

Assessing the TIMP2 co-expression profile

The expression and activity of TIMP1 and TIMP3 are
largely consistent with regards to their roles in tumor pro-
gression and association with tumor prognosis. In contrast,
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alterations in TIMP2 expression are much less pronounced
in health versus disease, although TIMP2 physiology seems
largely homeostatic and anti-tumorigenic. The limited reports
linking TIMP2 with a pro-tumor capacity describe signaling
activities mediated through MMP14 (39,40). In one of these
studies, it was highlighted that the described anti-apoptotic
effects of TIMP2 were reversed when cells were grown in a
3D collagen I matrix, highlighting the context-dependence
of TIMP2 activities (39). These observations and the exten-
sive interconnectivity of the TIMP2 interactome (Figures 5
and 6) highlight the importance of assessing how pathology-
associated changes in co-expression profiles are important
for understanding the consequences of TIMP2 activity. We
recently described how TIMP2 displays a consistent and
unique co-expression profile in carcinomas. With a focus on
breast and lung carcinomas, it was demonstrated that the
balance between TIMP2 and inhibitory targets is tipped in
the favor of proteinase activity. Additionally, we found that
TIMP2 acquires a strong cancer-specific correlation with
many genes associated with mesenchymal cell lineages and
the matrisome (19). Many of the highly correlating genes ex-
hibit extensive interactions with each other, as well as other
TIMPs and TIMP2 targets, supporting the idea that TIMP2
activity can be extensively regulated at a posttranscriptional
level in pathologic conditions. Analysis of RNA sequencing
data shows that the expression of TIMP2 and MMP2 are
highly correlated (19). The activity of these proteins, which
likely form high-affinity heterodimers early in their lifespan, is

largely assumed to occur in the extracellular space. However,
MMP2 activity has been detected in the intracellular com-
partment (119) and various proteolytic targets have been
identified (120). Additionally, oxidative stress can induce the
expression of an N-terminal truncated isoform of MMP2
which is the result of activation of an alternate promoter
leading to a primary innate immune response (121,122). It
remains to be seen if and how TIMPs play a role in this bio-
logical response.

Potential therapeutic applications of TIMPs

Following the failure of synthetic MMP inhibitors (MMPis)
in multiple clinical trials as cancer therapeutics in the 1990s,
due principally to off-target toxicity, further research into
the therapeutic targeting of metalloproteinases diminished
somewhat. However, the therapeutic potential of TIMPs has
garnered interest in recent years due to their stability, multi-
functional capabilities, the potential for engineering and their
lack of apparent immunogenicity and toxicity. Apprehension
regarding the potential immunogenicity of administered
recombinant TIMP proteins is dampened since these are
abundantly expressed, extracellular endogenous proteins.
Furthermore, we recently described that TIMP2 treatment
could suppress primary tumor growth and metastasis in
a murine model of triple-negative breast cancer. This study
reported that there was no evidence of systemic toxicity or
weight loss associated with daily TIMP2 treatment over the
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components of the extracellular matrix (ECM). MMPs (soluble and membrane-type (MT-MMPs)) and ADAM12 are major mediators of ECM proteolysis,

events that modulate all aspects of tissue biology. Cleaved ECM components are endocytosed and degraded largely via LRP1, an event that likely
involves co-operation with B1 integrins (not shown). The LRP1 - 1 integrin relationship is complex and incompletely understood, since LRP1 can
promote integrin maturation and transport (159) yet also mediate endocytosis of mature B1 integrin (159,160). MT-MMPs and ADAM12 display

sheddase activity against LRP1, mediating the release of soluble LRP1 molecules that successfully prevent target endocytosis. Additionally, membrane-
type MMP14 has been shown to associated with a3B1 integrin via CD151 that inhibits MMP14s proteinase activity. Integrins are the major membrane

proteins that integrate the extracellular matrix and cytoskeleton. Created with BioRender.com.

course of 30 days (49). First-generation MMPis rapidly pro-
gressed to clinical trials since they were largely tolerated in
rodent models (123-125), and it remains to be determined
whether TIMP-based biological therapies will suffer the same
fate as MMPis in the future clinical trials. Regardless, many
of the factors that contributed to the failure of MMPis are un-
likely to emerge in TIMP-based therapies, including but not
limited to; broad-spectrum targeting of all metalloenzymes
(not just MMPs), poor pharmacokinetics, and metabolic in-
stability, reviewed extensively elsewhere (123-125).

TIMP2 and TIMP3 display exciting potential as thera-
peutics in several clinical settings such as cancer and myo-
cardial infarction, largely related to their dual functions
as metalloproteinase inhibitors and anti-proliferative/
anti-angiogenic/anti-invasive agents (43,49,50,126-129).
Reported potential therapeutic applications of TIMP1 include
its utilization as an MMP-inhibitor post-myocardial infarc-
tion or in the attenuation of inflammatory pain (130,131).
Additionally, there have been numerous reports regarding the
ability of TIMP1 to preserve blood-brain barrier function fol-
lowing various systemic insults (132-134) and that it may
provide a neuroprotective function following brain trauma
(135). Therapeutic applications of full-length TIMP4 have
been explored in a limited capacity, however, TIMP4 knock-
out mice display cardiovascular defects suggesting an import-
ant cardiac tissue homeostatic role for this gene (136).

It is important to note, however, that there are conflicting
data regarding the role of TIMPs in cancer progression, with
each TIMP harboring reports of pro- and anti-tumor capabil-
ities (39,49,137-142), reviewed as a family here (21). These

inconsistencies reflect the context-dependence of TIMP activ-
ities, and a more in-depth understanding of these nuanced
influences is crucial in the ongoing development of thera-
peutic applications for this family of proteins. Additionally,
although overexpression of MMPs is a consistent feature of
many carcinomas, select members of the MMP family play
important tumor suppressor functions that may be undesir-
ably affected when therapeutically targeting this system (86).
This suggests that the engineering of TIMPs to selectively
modify both MMP inhibitory and MMP autonomous func-
tions is a promising future direction currently under devel-
opment.

In 2017, TIMP2 derived from human umbilical cord plasma
was demonstrated to revitalize cognitive function in aged
mice (4). However, since this initial report, no further obser-
vations have been made to support these findings highlighting
the difficulty in obtaining consistency when working with
TIMP2. Nonetheless, TIMP2 has the broadest expression
of the family in the brain and has been shown to play vari-
ous regulatory roles concerning neuronal differentiation and
neuroinflammation (109,143,144). Additionally, TIMP2 has
also been described as a prospective biotherapeutic for the
treatment of keloids through the suppression of collagen
synthesis (145), emphasizing the potentially broad reach of
TIMP-based biotherapeutics.

TIMPs are broad-spectrum MMPis, although there are
differences due to discreet variances in the way in which
TIMPs interact with different members of the MMP fam-
ily. As such, TIMP1 is a poor inhibitor of MT-MMPs.
However, an individual point mutation in TIMP1 at an area
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by LRP1, which occurs with higher affinity when these are in an inhibitory complex. This results in MMP degradation and a mixture of degradation/
recycling with regards to TIMP2. In addition, this interaction may result in the activation of intracellular signaling events. Furthermore, membrane-type
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interaction only. **Shown for the TIMP2:MMP14 interaction only. Created with BioRender.com.

peripheral to the binding interface increased its affinity for
MMP14 by two orders of magnitude (146). Interestingly,
engineered TIMP variants can be generated that display
greatly enhanced or reduced affinities for different MMP
targets (7,11,147-149), promoting the potential for engin-
eered TIMPs in therapeutic targeting of different subsets of
MMPs and bypassing the gross toxicity associated with syn-
thetic MMPis. Similarly, engineered TIMPs can also be gen-
erated with increased affinity for ADAMs, as described for
TIMP2 and ADAM12 (150). Of note, the therapeutic util-
ity of TIMP proteins can be restricted by poor serum half-
lives, although this can be limited by the use of slow-release
methods or modifications such as targeted glycosylation,
PEGylation (20 kDa) and albumin/Fc/antibody fusions
(128,151). It is expected that therapeutic employment of the
TIMP family of proteins, or related analogs, will increase as
details of the mechanisms involved in the regulation of crit-
ical TIMP interactions and activity are revealed. Although
there have been no direct reports of immune responses dir-
ected towards exogenous administered TIMP proteins in
preclinical models, it is important to consider the height-
ened potential for immunogenicity when utilizing engin-
eered TIMP mutants. Despite this, the process of retaining
or emphasizing desirable TIMP characteristics (including
specific MMP inhibition or inhibition of receptor tyro-
sine kinase signaling), while nullifying potentially negative

capabilities (such as cell signaling through MMP14), repre-
sents an intriguing prospect that could theoretically lead to
engineered disease-specific TIMP therapies.

Conclusion

Although their multifunctionality may be appreciated within the
field, the TIMP family of proteins is routinely confined to the on-
togeny of proteinase inhibition by researchers. This is most likely
due to their nomenclature designated function, but in part may
be related to the mild phenotypes in knockout models, reviewed
extensively elsewhere (14). The combined knockout of Timp2
and Timp3 resulted in late gestational embryonic lethality, which
was rescued by further loss of Timp1 and Timp4 (152). The en-
tire knockout of all four Timp genes (Timp-less mice) to un-
leash MMP activity results in only ~25% post-natal viability,
although these mice are considerably smaller with substantially
perturbed skeletal development (152,153). In vitro, Timp-less
fibroblasts display a strong myofibroblast phenotype similar to
that of cancer-associated fibroblasts (154). The mild phenotypes
in single KO models are likely related to the inducible nature
of MMPs and a large level of redundancy in the TIMP family
with regards to metalloproteinase inhibition, in addition to other
means of controlling metalloproteinase activity through alpha-
2-macroglobulin, LRP1-mediated recycling, and RECK (155).
It should be noted that there are no reports of compensatory
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increases in the expression of other TIMP family members in
individual TIMP KO models. TIMP2/3 are widely expressed,
even in tissues with no detectable MMP expression, suggesting
that these proteins are important homeostatic mediators. On the
contrary, Drosophila melanogaster possesses only a single TIMP
gene (timp). Knockout of the single #zmp gene results in an infer-
tile, grossly deleterious phenotype that leads to premature death
(156,157).

Like TIMPs, MMPs are multifunctional proteins with
various proteinase-independent activities (86). Collectively,
TIMPs promote the endocytosis and degradation of
metalloproteinase targets (89), so in this regard, their regu-
latory effects over metzincins extend further than the dir-
ect inhibition of catalytic activity. Even within their unique
functions lies redundancy in action, of note being TIMP2
and TIMP3’s distinct modes of inhibiting angiogenesis.
Homeostatic control requires a high level of redundancy,
acting as a safety net when one system fails in response
to pathology. In this regard, the current mutant/knockout
TIMP models are vital tools for testing these TIMP-related
homeostatic safety nets that may reveal further discrete
pathology-associated functions of this intriguing family of
proteins.
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Appendix

Phylogenetic analysis was performed through http://www.
phylogeny.fr/, using “One-Click” mode (158). Briefly,
Sequences were aligned with MUSCLE (v3.8.31) configured
for the highest accuracy (MUSCLE with default settings). After
alignment, ambiguous regions (such as those containing gaps
and/or poorly aligned sequences) were removed with Gblocks
(v0.91Db) using the following parameters; minimum length of
a block after gap cleaning = 10, no gap positions were al-
lowed in the final alignment, all segments with contiguous
non-conserved positions bigger than eight were rejected, mini-
mum number of sequences for a flank position = 85%. The
phylogenetic tree was reconstructed using the maximum like-
lihood method implemented in the PhyML program (v3.1/3.0
aLRT). The WAG substitution model was selected assuming
an estimated proportion of invariant sites (of 0.047) and four
gamma-distributed rate categories to account for rate hetero-
geneity across sites. The gamma shape parameter was esti-
mated directly from the data (gamma = 2.686). Reliability for
internal branch was assessed using the aLRT test (SH-Like).
Graphical representation and edition of the phylogenetic tree
were performed with TreeDyn (v198.3).
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