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ABSTRACT 

 

Matrix metalloproteinases (MMPs) are proteolytic enzymes that are secreted 

from the cell and play an important role in embryonic development and tissue 

remodeling.  In cancer, MMPs are hyperactive, promoting degradation of the ex-

tracellular matrix.  Enhancement of MMP proteolytic activity allows tumor cells 

to migrate and invade surrounding tissues, increasing the chance of metastasis.  

Tissue inhibitor of metalloproteinases (TIMPs) are also known to act extracellu-

larly, and are the endogenous inhibitors of MMPs.  To inhibit the protease activi-

ty of MMPs, the N-terminus of the TIMP protein binds to the catalytic domain of 

MMP at a ratio of 1:1.  Studies from our lab have found that TIMP-2 is phosphor-

ylated on three tyrosine residues, and this phosphorylation increases the inter-

action with MMP-2.  This is the first time that phosphorylation of TIMP-2 has 

been reported.  Fascinatingly, the proto-oncogene tyrosine kinase c-Src was 

found to phosphorylate TIMP-2.  This is significant in that c-Src has not yet 

been shown to act extracellularly, and there are no details within the current lit-

erature describing how this protein may function outside of the cell.  In this the-

sis, we used mammalian cells as a model to decipher whether TIMP-2 phosphor-

ylation was able to occur extracellularly, as well as the effect that phosphoryla-

tion of TIMP-2 had on its function to both inhibit/activate MMP-2.  We found 

that (1) c-Src is able to phosphorylate TIMP-2 extracellularly in conditioned me-
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dia; and (2) phosphorylation of TIMP-2 enhances its function of inhibiting 

MMP-2 proteolytic activity, as well as assisting in the activation of pro-MMP-2.  

Our results suggest the presence of a novel mechanism in which phosphoryla-

tion of TIMP-2 is able to regulate the extracellular environment through en-

hanced interaction with MMP-2.  The information gained from this research 

could lead to development of novel therapies that use phosphorylated TIMP-2 as 

a means of decreasing cellular migration and invasion with the overall goal of 

preventing metastasis. 
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INTRODUCTION 

 

A.  The extracellular matrix & cancer 

In cancer, genetic and epigenetic alterations cause cells and tissues to be-

come deregulated leading to uncontrolled cell proliferation and enhanced inva-

siveness, increasing the likeliness of tumor metastasis.  Oncogenesis can stem 

from both intracellular and extracellular cues, and recent research has suggested 

that the extracellular matrix (ECM) can play a significant role in promoting can-

cer progression [1].  The ECM consists of various collagens and glycoproteins 

that create an interlocking mesh and provide a scaffold for cells, giving tissues 

and organs their shape.  The components of the ECM are synthesized intracellu-

larly and are subsequently secreted into the interstitial space [2].  There are two 

distinct subtypes of ECM:  the interstitial (or stromal) matrix, and the basement 

membrane.  The stromal matrix consists mainly of type 1 collagen, elastic fibers, 

and proteoglycans, which collectively provide mechanical strength and structure 

to the tissue.  Basement membrane is a specialized sub-type of ECM that allows 

for compartmentalization of tissues, and is primarily made up of collagen IV.  

Basement membrane functions to maintain cell polarity and differentiation 

through interactions with epithelial cells [3].  Tissue homeostasis is tightly regu-

lated to ensure that these two ECM compartments stay intact (Figure 1, left). 
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The ECM confers both biomechanical and biochemical properties to the 

tissue.  As the ECM is a cellular scaffold, the rigidity and porosity of the tissue 

regulate cell migration [2].  The stromal matrix is fairly porous, allowing for a 

moderate level of cell motility.  However, basement membrane components are 

packed so tightly that the pores are generally too small for cells to be able to 

pass through, hence creating tissue compartments and keeping epithelial cells in 

their correct place.  In cancer, solid tumors secrete increased amounts of colla-

gen, which stiffens the surrounding tissue and provides a linearized track for 

cells to migrate on, enhancing invasive capacity and metastatic potential [1].  

Proteolytic enzymes (such as matrix metalloproteinases, see below) are also 

         Homeostasis – Low MMP levels         Tumor Microenvironment – High MMP levels 

Figure 1:  The normal extracellular matrix vs. the tumor microenvironment.  Left; nor-
mal tissue homeostasis is maintained as secretion of matrix metalloproteinases (MMPs) is low 
to none.  Apico-basal polarity of epithelial cells is preserved and the basement membrane 
remains intact.  Right; cancerous cells secrete high levels of MMPs, leading to enhanced pro-
teolytic cleavage of ECM components and degradation of the basement membrane.  Cells are 
now able to migrate throughout the tumor microenvironment, increasing the chance of me-
tastasis.  Adapted from Stetler-Stevenson & Gavil, 2014. 
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overexpressed in cancerous tissues leading to increased enzymatic hyperactivity 

within the ECM [4].  This enhanced proteolysis is highly destructive to the tissue, 

and can eventually cause tumor cells to degrade the basement membrane [5].  

After breaking through the basement membrane, malignant cells are able to eas-

ily migrate through the stromal matrix and enter into blood vessels, leading to 

increased chance of tumor metastasis (Figure 1, right).  

It has been shown that ECM secreted from tumors has a distinct biochem-

ical composition when compared to normal tissue [2]. As the ECM can directly 

regulate cellular behavior, it is important to understand how alterations in the 

ECM can induce cell transformation and promote tumor invasion and metasta-

sis. 

 

B.  Matrix metalloproteinases 

Matrix metalloproteinases (MMPs) are a class of proteolytic enzymes that 

actively remodel the ECM.  Due to the presence of a signal peptide on the N-

terminus of the nascent translated protein, MMPs are directed into the ER/Golgi 

apparatus, where the signal peptide is removed.  The mature protein is then pro-

cessed and secreted through the conventional pathway into the ECM as a latent 

enzyme [6, 7].  There are over 23 different MMPs, all of which have a similar do-

main structure [8].  The MMP protein consists of three common domains:  an N-

terminal pro-peptide domain that is cleaved off upon activation, a catalytic do-
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main, which is responsible for proteolytic activity, and a C-terminal hemopexin-

like domain that allows for protein-protein interactions (Figure 2) [9, 10].  While 

most MMPs are secreted as a free-floating soluble form, some MMPs remain 

membrane bound due to the presence of a transmembrane domain at their C-

terminus.  MMPs are often characterized by their substrate specificity, as well as 

their sub-cellular localization, resulting in four main groups:  collagenases, 

gelatinases, stromelysins, and membrane-type MMPs (MT-MMPs) [8], summa-

rized in Table 1.   

 

 

 

 

	

	
	

	

	

	

Figure 2:  MMP domain structure.  Each MMP shown consists of the same basic domain 
structure:  a signal peptide (SP) that is removed from the protein upon entry into the 
ER/Golgi, a pro- peptide that is cleaved off during the MMP enzymatic activation process, a 
catalytic domain that allows for cleavage of substrate, and a hemopexin-like domain that is 
important for protein-protein interaction.  While both basic and gelatin-binding MMPs are 
secreted into the extracellular environment, membrane-anchored MMPs remain tethered to 
the plasma membrane due to their transmembrane (TM) domain.  Cs, cytosolic; Fn, fibron-
ectin repeat; Fr, furin-cleavage site; Pro, pro-domain; SH, thiol group; SP, signal peptide; TM, 
transmembrane; Zn, zinc.  Adapted from Parks et al. 2004. 
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Table 1:  MMP categories based on structure and substrate specificity 

(Adapted from Remillard et al. 2014) 

Collagenases Gelatinases Stromelysins Membrane-Type 

MMP-1 MMP-2 MMP-3 MMP-14 

MMP-8 MMP-9 MMP-10 MMP-15 

MMP-13  MMP-11 MMP-17 

MMP-18   MMP-24 

   MMP-25 

 

 MMPs destined for secretion into the extracellular space are released from 

the cell as an inactive zymogen, and therefore must be activated extracellularly.  

The MMP activation process occurs primarily by a cysteine switch mechanism in 

which the cysteine-zinc interaction within the protein is interrupted.  Destabili-

zation of this cysteine-zinc bond causes a conformational change, opening up 

the protein and allowing for MMP autocatalysis to take place.  Cleavage of the 

remainder of the pro- peptide (through autocatalysis or proteolytic cleavage) re-

sults in a truncated MMP that is now catalytically active and able to degrade the 

ECM [5, 11].  

Normal turnover of the ECM by MMPs is necessary to maintain proper tis-

sue homeostasis.  During ECM remodeling, MMPs break down components of 

the ECM, while newly synthesized components are secreted from the cell [3].  
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This process is tightly regulated by both the expression level and localization of 

MMPs, as well as the constitutive expression of their endogenous inhibitors, tis-

sue inhibitor of metalloproteinases (TIMPs; see below) [9].  MMPs are conven-

tionally secreted from the cell to aid in embryonic development, angiogenesis, 

and wound healing, as well as to promote tissue remodeling and maintain ECM 

homeostasis [6].  In normal tissues MMP expression is low to none.  However, in 

cancer increased secretion of MMPs can lead to degradation of the basement 

membrane, resulting in tissue disorganization [1-3, 5].  Hyperactivity of MMPs in 

cancer promotes cellular migration and invasion and may eventually lead to me-

tastasis.  

 

C.  Tissue inhibitor of metalloproteinases 

Tissue inhibitor of metalloproteinases (TIMPs) are the endogenous in-

hibitors of MMPs.  There are four different TIMPs, all of which are secreted from 

the cell through the ER/Golgi apparatus in a similar fashion as MMPs [7].  The 

mature TIMP protein contains six conserved disulfide bonds (three in the N-

terminal domain and three in the C-terminal domain) that are necessary for 

proper function of the protein (Figure 3) [8, 12].  TIMPs inhibit MMP activity at 

a stoichiometry of 1:1 through direct interaction of the TIMP N-terminus with 

the catalytic domain of the MMP [5].  
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TIMP-2, the second member of the TIMP family, is unique in that it has 

another function in addition to its MMP inhibitory activity.  TIMP-2 is able to 

assist in the activation of pro-MMP-2 through interactions with the C-terminal 

domains of each of the proteins [12].  In this mechanism of activation, the TIMP-

2 N-terminus binds to and inhibits the catalytic site of MT1-MMP on the cell 

surface, as MT1-MMP is a transmembrane MMP (also known as MMP-14).  The 

pro-MMP-2 hemopexin domain (at the C-terminus) then binds to the C-terminal 

domain of TIMP-2, creating a ternary complex.  TIMP-2 acts to anchor pro-

MMP-2 near the membrane so that an adjacent MT1-MMP can cleave the pro- 

domain off of MMP-2, interrupting the cysteine-zinc bond.  Autocatalysis by 

Figure 3:  TIMP-2 3D structure.  The N-terminal domain (NTD) of TIMP-2 is depicted in 
pink, and the C-terminal domain (CTD) is depicted in blue.  The main function of the NTD is 
MMP inhibition, while the CTD functions to assist in the activation of pro-MMP-2 to its ac-
tive form.  Disulfide bonds formed between cysteine (Cys) residues stabilize the protein and 
are necessary for TIMP-2 inhibitory activity. The letters A-J represent the β -strands and the 
numbers 1-4 represent the α –helices.  Adapted from Visse and Nagase, 2003. 
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MMP-2 leads to complete cleavage of the pro- peptide, making the protein cata-

lytically active [12, 13].   

 

 

This pro-MMP-2 activation process is regulated by the ratio of TIMP-

2:MMP-2 in the ECM, shown by the model in Figure 4 [14].  When low amounts 

of TIMP-2 are present in the ECM, TIMP-2 is able to assist in activation only 

sparingly, so that only a small amount of pro-MMP-2 can be activated.  This is 

enough to regulate normal tissue homeostasis, when non-cancerous levels of 

MMP-2 are present.  As TIMP-2 levels outside the cell increase, activation of 

pro-MMP-2 also increases, as there is more TIMP-2 available to bind pro-MMP-2 

C-terminus allowing for cleavage by a neighboring MT1-MMP.  However, when 

TIMP-2 levels are high in the ECM, the excess of TIMP-2 inhibits all MT1-MMP 

	 	

Figure 4:  pro-MMP-2 activation is regulated by the amount of TIMP-2 present in the 
extracellular space.  a) Low amounts of TIMP-2 can only minimally activate MMP-2 as there 
is not enough TIMP-2 present to create a trimeric complex on the membrane.  b) Intermedi-
ate amounts of TIMP-2 promote MMP-2 activation by providing a scaffold for pro-MMP-2, 
anchoring pro-MMP-2 to the membrane, allowing for cleavage of the pro- peptide and enzy-
matic activation by an adjacent MT1-MMP.  c) High amounts of TIMP-2 inhibit all MT1-MMP 
molecules on the cell surface, preventing activation as no MT1-MMP is available to cleave 
pro-MMP-2.  Also, MMP-2 that has already been activated is inhibited by the excess of TIMP-
2 within the ECM.  Adapted from Lu et al. 2004. 
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molecules on the cell membrane, disabling the pro-MMP-2 activation process 

[14].  Additionally, MMP-2 that was previously activated is also inhibited by the 

TIMP-2 N-terminus. 

 

D.  c-Src kinase 

 Protein phosphorylation is one of the most common methods of post-

translational modifications used in signal transduction.  Protein kinases and 

phosphatases play an important role in regulating nearly every aspect of cell bi-

ology through the phosphorylation/de-phosphorylation process [15].  The proto-

oncogene c-Src is a tyrosine kinase that plays an active role in many signal 

transduction pathways that regulate cell growth, proliferation, migration, and 

survival [16].  As protein kinases such as c-Src are in control of regulating a mul-

titude of essential cellular processes, dysregulation of kinase activity can lead to 

diseases such as cancer. 

c-Src is a protein containing four Src homology (SH) domains:  the N-

terminal SH4 domain important for membrane localization, the SH3 and SH2 

domains that recognize and bind to substrates, as well as the SH1 domain that 

contains the catalytic region of the kinase (Figure 5) [17].  Within the SH1 do-

main of human c-Src exists Tyr419, which must be phosphorylated in order for 

the kinase to be active.  When a protein binds to c-Src and displaces the 

SH2/SH3 domains, autophosphorylation of Tyr419 occurs, leading to the promo-



	 	 	10	

tion of kinase activity [18].  Also present within c-Src is a C-terminal Tyr530 res-

idue that negatively regulates kinase activity by inactivating the kinase when it 

is phosphorylated.  Tyr530 is able to bind to the SH2 domain upon phosphoryla-

tion, effectively inhibiting kinase activity by reducing c-Src ability to bind to 

substrate [17]. Approximately 90-95% of c-Src is phosphorylated on Tyr530 un-

der normal conditions [19].  The viral oncogene v-Src has a similar domain struc-

ture to c-Src, however v-Src lacks the C-terminal domain containing the auto-

inhibitory Tyr530 residue and therefore is constitutively active [16].   

 

 

 

 While there is a plethora of proteins that cause oncogenesis due to genet-

ic activation, c-Src is different in that it promotes oncogenesis through elevated 

protein expression and/or enzymatic hyperactivity of the kinase [20].  c-Src 

overexpression has been found in cancers such as colon cancer, whereas in-

creased kinase activity was found to occur in more aggressive prostate cancers 

[20, 21].  As c-Src itself is not a potent transforming agent, c-Src is believed to 

Figure 5:  c-Src domain structure.  The c-Src protein has four conserved Src homology (SH) 
domains.  The two tyrosine (Y) residues pictured have opposing roles when phosphorylated.  
Phosphorylation of Y419 activates the kinase, whereas phosphorylation of Y530 causes the 
protein to change conformation and fold in on itself, inhibiting kinase function.  Adapted 
from Yeatman 2004. 
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confer its oncogenic properties by acting concomitantly with other proteins 

(such as epidermal growth factor receptor; EGFR) to produce oncogenic signals 

[20].  For example, c-Src is capable of influencing cell proliferation through the 

Ras/ERK/MAPK pathway, can promote gene expression of fibroblast growth fac-

tor (FGF) and vascular endothelial growth factor (VEGF) leading to angiogenesis, 

and play a role in cell adhesion and migration through interactions with integ-

rins and focal adhesion kinase (FAK) [22].  As c-Src is such a multifunctional pro-

tein, attempts in creating cancer therapeutics that target c-Src have resulted in 

drugs that are somewhat effective (such as dasatinib and bosutinib), but do not 

exhibit selectivity [22].  For this reason, it is important to gain further under-

standing of how c-Src can be targeted for drug development with increased spec-

ificity, leading to better outcomes in clinical trials. 
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Preliminary work that led to this project 

 

Phosphorylation is a process that is carried out by cells to regulate protein 

activity by addition of a phosphate group on to the molecule.  Phosphorylation 

most often enhances the activity of the phosphorylated protein, whereas 

dephosphorylation has the opposite effect, suppressing protein activity.  Phos-

phorylation can occur on tyrosine, serine, and threonine residues and is carried 

out by specialized enzymes called kinases.  Over 100 years ago, studies deter-

mined that phosphoproteins exist outside the cell (e.g. casein in milk) [23].  

However, it is only recently that kinases existing outside the cell have been re-

ported [23-25]. 

Since there are no reports showing TIMP-2 phosphorylation in mammali-

an cell systems we were curious to know if any phosphorylation sites existed 

within the TIMP-2 protein.  The mature TIMP-2 protein has a molecular weight 

of approximately 21 kDa and is made up of 194 amino acids (after cleavage of the 

signal peptide), seven of which are tyrosine residues.  Initially, our lab sought to 

determine which of the seven tyrosine residues of TIMP-2 were phosphorylated.  

To do this, wild type and mutant forms of C-terminus His6-tagged TIMP-2 were 

generated in which each single tyrosine (Y) residue was mutated to phenylala-

nine (F), which is unable to be phosphorylated.  HEK 293H cells were transfected 

with each of these TIMP-2-his mutants for 24 hours and both ex- 
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tracts and conditioned media were collected.  After pulldown using Ni-NTA 

beads, samples were immunoblotted with pan-phosphotyrosine antibody to de-

termine total tyrosine phosphorylation status of the TIMP-2-his protein.  As 

seen in Figure 6a, phosphorylation of TIMP-2 in extracts was visibly reduced 

upon mutation of Y62, Y90, and Y165 to phenylalanine when compared the wild 

type TIMP-2.  Reduced band intensity upon mutation of a single tyrosine residue 

implies that that tyrosine residue is capable of being phosphorylated on the wild 

type protein due to the fact that it is unable to be phosphorylated within the mu-

tant.  These results were confirmed in conditioned media, as shown in Figure 

Pulldown Ni-NTA 

Vec WT Y62F Y71F Y90F Y110F Y148F Y165F Y204F 

293H Extracts 

TIMP-2 His6 

phos-Tyr 
	IB: 	

293H CM 
WT Y62F Y90F Y165F TF 

TIMP-2 His6 

phos-Tyr 

	

IB: 

Pulldown 
Ni-NTA 

Short Exposure 

Long Exposure 

	

b 

a 

Figure 6:  TIMP-2 is phosphorylated on three tyrosine residues.  a) Wild type (WT) TIMP-
2 is phosphorylated on Y62, Y90 and Y165 in HEK 293H cell extracts.  His-tagged TIMP-2, WT 
and F mutants, were transiently expressed in HEK 293H cells, followed by His pulldown and 
immunoblotted as indicated.  b) Pulldown of His-tagged TIMP-2 mutants was performed on 
conditioned media from HEK 293H cells and immunoblotted as indicated.  Secreted wild type 
(WT) TIMP-2 is phosphorylated at the identified tyrosine residues.  Non-phosphorylatable 
triple F (TF) lacked phosphorylation.  IB, immunoblot; Vec, vector; Y, tyrosine; F, phenylana-
nine. 
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6b.  Additionally, no phosphorylation was observed upon mutation of all three of 

these tyrosine residues to phenylalanine (triple mutant, TF), supporting our re-

sults and confirming that Y62, Y90, and Y165 are the only three tyrosine resi-

dues phosphorylated on TIMP-2.  These experiments provide evidence that se-

creted TIMP-2 is phosphorylated on three tyrosine residues (Data provided by 

Dr. Bourboulia). 

After determining which tyrosine residues on TIMP-2 were phosphory-

lated, our lab was curious to find out which kinase is responsible for this phos-

phorylation.  To identify the tyrosine kinase(s) that target TIMP-2, our lab 

searched for sequence motifs surrounding the targeted tyrosine residues.  An 

isoleucine (I) residue immediately next to a tyrosine residue is a common feature 

of peptides recognized by c-Src or c-Abl tyrosine kinases [26-28].  As each of the 

three tyrosine residues of interest contained an isoleucine adjacent to them, in 

vitro kinase assays were used to assess the ability of c-Src or c-Abl kinases to di-

rectly phosphorylate TIMP-2.  Figure 7a shows that c-Src (but not c-Abl) and 

more strongly the oncogenic v-Src were the only kinases tested able to phos-

phorylate TIMP-2.  This result was confirmed using a mouse embryonic fibro-

blast (MEF) cell line in which Src, Yes, and Fyn kinases have been knocked out 

(SYF), as well as the same cell line in which c-Src has been reintroduced (SYF + 

c-Src) [29-31].  After transfection of TIMP-2-his mutants into both SYF and SYF 

+ c-Src cells, pulldowns of conditioned media show that phosphorylation occurs  
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in SYF + c-Src cells where c-Src is present, but no phosphorylation can be seen in 

the triple kinase knockout SYF cells (Figure 7b).  Similar to the results gained 

previously, mutation of a single phosphorylatable tyrosine to the non-

phosphorylatable phenylalanine residue reduced phosphorylation of TIMP-2-his 

in SYF + c-Src conditioned media, and the TF triple mutant abolished phosphor-

ylation altogether.  These findings suggest that c-Src is the kinase that phos-

rTIMP-2-His6 

phos-Tyr 

– + + + + 
– – + – – 
– – – + – 
– – – – + c-Abl 

v-Src 
c-Src 
ATP 

	IB: 

	

In vitro kinase 

Pulldown Ni-NTA 

CM 

Vec WT Y90F Y165F TF 
TIMP-2 His6 

phos-Tyr 

	
IB
:

Pulldown 
Ni-NTA 

Y62F Vec WT 

	 	SYF  SYF + c-Src 

Short Exposure 

Long Exposure 

	 	

b 

a 

Figure 7:  c-Src phosphorylates TIMP-2 in vitro and in cells.  a) c- and v-Src kinases phos-
phorylate purified human recombinant (rTIMP-2-His6) in vitro.  In vitro kinase assays were 
performed in the presence (+) of kinases, human rTIMP-2-His6 and ATP.  rTIMP-2-His6 pull-
down followed, and immunoblotted as indicated.  +, presence; -, absence.  b) Secreted wild 
type (WT) TIMP-2 (and mutants) are phosphorylated in SYF + c-Src (mouse embryonic fibro-
blasts expressing c-Src, without Fyn or Yes) but not in SYF cells (lacking c-Src, Yes and Fyn 
kinases).  His-tagged TIMP-2 and F mutants were expressed in SYF and SYF + c-Src cells, 
pulldown from conditioned media (CM) and immunoblotted as indicated.  phos-Tyr, pan-
phosphotyrosine antibody (4G10).  Vec, Vector control; TF, triple F mutant.  
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phorylates TIMP-2 on Y62, Y90 and Y165 (Data provided by Drs. Bourboulia & 

Mollapour).   

MMP-2 is a proteolytic enzyme that functions to promote angiogenesis 

and wound healing through remodeling of the ECM.  MMP-2 proteolytic activity 

is tightly regulated by complex formation with its endogenous inhibitor, TIMP-2 

[7, 11].  As phosphorylation is used to regulate protein activity, our lab sought to 

determine the impact of TIMP-2 phosphorylation on TIMP-2:MMP-2 complex 

formation [32-34].  To do this, we looked at protein-protein interaction of TIMP-

2 and MMP-2 both with and without the presence of c-Src kinase.  When wild 

type TIMP-2 and MMP-2 are added together in vitro with no kinase present, 

there is a basal level of interaction between the two proteins (as expected).  Ad-

dition of c-Src kinase alone does not affect this interaction; however, addition of 

active c-Src (+ATP) allows phosphorylation to take place, enhancing TIMP-

2:MMP-2 interaction (Figure 8).  This result suggests that phosphorylation ef-

fectively regulates the formation of TIMP-2:MMP-2 complex (Data provided by 

Drs. Bourboulia & Mollapour).   

Next, our lab was curious to know if phosphorylation of a specific tyrosine 

residue of TIMP-2 is responsible for the increased interaction seen between 

TIMP-2 and MMP-2.  To test this, single non-phosphorylatable (Y→F) TIMP-2 

mutants were used, as well as phosphomimetic (Y→E) mutants.  Mutants were 

transfected into cells, conditioned media was collected, and pulldowns were per- 
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formed.  MMP-2 levels were detected in the co-pulldown, showing that the 

phosphomimetic Y90E mutant interacts more strongly with MMP-2, when com-

pared to the interaction with wild type TIMP-2 (Figure 9).  On the other hand, 

the non-phosporylatable Y90F mutant was unable to interact with MMP-2 at all.  

Mutating Y62 and Y165 residues of TIMP-2 did not present any differences in 

interaction.  This suggests that Y90 phosphorylation of TIMP-2 is the signal that 

regulates interaction between the TIMP-2:MMP-2 complex (Data provided by 

Drs. Bourboulia & Mollapour).   

In vitro kinase and prot-prot interaction 
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Figure 8:  c-Src-mediated phosphorylation of TIMP-2 promotes TIMP-2:MMP-2 inter-
action in vitro.  In vitro kinase assay was performed and proteins were added in the indicated 
numerical order.  Two dimeric complexes (TIMP-2:MMP-2 and TIMP-2:c-Src) and one trimer-
ic complex (TIMP-2:c-Src:MMP-2) are formed in vitro.  Strength of interaction between TIMP-
2 and MMP-2 as a dimer is similar to when c-Src is added to the TIMP-2:c-Src complex in the 
absence of ATP.  Interaction increases in the presence of ATP.  +, presence; -, absence. 
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Figure 9:  Y90 regulates TIMP-2:MMP-2 complex formation.  Single F and E TIMP-2 mu-
tant interactions with MMP-2 were characterized after transfection of mutants into HEK 
293H cells.  The Y90E mutant preferentially interacts with MMP-2 compared to the wild type 
protein (WT), while no interaction is seen upon Y90F mutation.  Non-phosphorylatable (F) 
and phosphomimetic (E) tyrosine single TIMP-2 mutants were pulldown from 293H condi-
tioned media (CM) and immunoblotted as indicated.  Interaction (co-pulldown) of TIMP-2 
proteins with MMP-2 is shown.  Vec, vector control; WT, wild type.  
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HYPOTHESIS 

 

Based off of the evidence provided in the preliminary work section, I came up 

with two hypotheses to test: 

 

a) c-Src kinase is present outside the cell and functions to phosphorylate TIMP-

2 extracellularly  

b) Y90 phosphorylation of TIMP-2 is important for TIMP-2:MMP-2 interaction, 

and therefore phosphorylation of this residue should affect the functional 

ability of TIMP-2 to activate/inhibit MMP-2 
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MATERIALS & METHODS 

 

A.  Cell culture 

HEK 293H, SYF, SYF+c-Src, HT1080, MCF7, MEF TIMP-2 -/-, A549 cell lines were 

cultured in DMEM supplemented with 10% fetal bovine serum (FBS) (Invitro-

gen).  RWPE1 and RWPE2 cell lines were cultured in Keratinocyte Serum Free 

Medium (K-SFM) supplemented with 2% FBS (Invitrogen).  LNCaP, DU145, PC3 

and H460 cell lines were cultured in RPMI supplemented with 10% FBS.  All cell 

lines were acquired from ATCC, except the MEF TIMP-2 -/- obtained from Dr 

Soloway [35].  All cell lines were cultured at 37°C in a humidified atmosphere 

containing 5% CO2. 

 

B.  Transfection 

HEK 293H cells were cultured overnight and transfected next day with 2µg plas-

mid DNA using TransiT-2020 Reagent (Mirus, #MIR5405) and manufacturer’s 

protocol.  According to protocol, a mixture of 6µl of transfection reagent, 600µl 

serum free media, and 2µg plasmid DNA was used for each 10 cm dish.  Mixture 

was combined and allowed to incubate for 15 minutes, and subsequently added 

to each dish in a drop-wise manner.  Following addition of transfection mixture, 

dishes were incubated for 24 hours in 37°C and 5% CO2.  For conditioned media 
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collection, media were replaced with serum free media for another 24 hours.  

Media collected for analysis (see below). 

 

C.  Plasmids 

Wild type TIMP-2 and mutant plasmids used contained a His6 tag at their C-

terminus.  Mutant TIMP-2 plasmids used in this study are summarized in Table 

2. 

 

TABLE 2:  List of phosphomimetic (E) and non-phosphorylatable (F) TIMP-

2 mutants used 

Single Double Triple 

Y62E EF - Y90E/Y165F TE - Y62E/Y90E/Y165E 

Y90E FYF - Y62F/Y165F TF - Y62F/Y90F/Y165F 

Y165E  EEF - Y62E/Y90E/Y165F 

Y62F  FEF - Y62F/Y90E/Y165F 

Y90F   

Y165F   

 

D.  Antibodies 

The following antibodies were used in this study: anti-pan-phosphotyrosine 

(4G10) (Millipore, #05-1050), anti-6x-his (ThermoFisher Scientific, #MA1-
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21315), anti-TIMP-2 (Cell Signaling, #5738), anti-MMP-2 antibodies (Cell Sig-

naling, #13132 and Millipore, #MAB3308), anti-GAPDH mAb (Enzo Life Sciences, 

#ADI-CSA-335-E), anti-c-Src (Cell Signaling, #2109, #2110, #2123), goat anti-

mouse IgG-HRP (Santa Cruz Biotechnology InC., #sc-2005) and goat anti-rabbit 

IgG-HRP (Santa Cruz Biotechnology InC., #sc-2004).  

Anti-c-Src antibodies for blocking experiments:  rabbit anti-Src mAb1 (32G6, bi-

otinylated) (Cell Signaling, #8077), rabbit (DA1E mAb IgG XP™ Isotype control, 

biotinylated) (Cell Signaling, #4096), mouse anti-Src mAb2 (Clone 327) (Abcam, 

#ab16885), rabbit IgG (Abcam, #ab172730), mouse anti-Src mAb3 (L4A1) (Cell 

Signaling, #2110), mouse IgG1, kappa control (Abcam, #ab18437), rabbit anti-Src 

mAb4 (36D10) (Cell Signaling, #2109), rabbit anti-Src mAb5 (32G6) (Cell Signal-

ing, #2123).  Antibody dilution for each assay is provided in Table 3. 

 

TABLE 3:  List of antibodies used in experiments along with their dilution 

factor 

Antibody Company Cat No Dilution 

pan-phosphotyrosine 

(4G10) 
Millipore #05-1050 1:1000 

6x-his Thermo Fisher Scientific #MA1-21315 1:2000 - 1:20,000 

TIMP-2 (D18B7) Cell Signaling #5738 1:1000 - 1:5000 

MMP-2 (D8N9Y) Cell Signaling #13132  1:1000 - 1:2000 
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MMP-2 Millipore #MAB3308 1:1000 - 1:4000 

GAPDH Enzo Life Sciences #ADI-CSA-335-E 1:20,000 

c-Src (36D10) Cell Signaling #2109 1:1000 

c-Src (L4A1) Cell Signaling #2110 1:1000 

c-Src (32G6) Cell Signaling #2123 1:1000 

goat anti-mouse IgG-

HRP 
Santa Cruz Biotechnology #sc-2005 1:4000 

goat anti-rabbit IgG-

HRP 
Santa Cruz Biotechnology #sc-2004 1:4000 

 

E.  c-Src antibody treatments for protein-protein interaction assays 

Cells were seeded overnight, followed by serum starvation for 24 hours.  Differ-

ent anti-c-Src antibodies or IgG isotype controls were added to the serum-free 

media for 1 hour at 1µg/ml followed by the addition of purified recombinant 

TIMP-2-his6 at 50ng/ml for 2 hours.  Media collected and analysed as described 

(see Immunoblotting). 

 

F.  Detection of c-Src in conditioned media 

Cell lines were cultured and serum starved for 24 hours.  Cell extracts and condi-

tioned media were collected and processed as described below.  Non-
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concentrated protein samples from conditioned media were equalized to the cel-

lular protein levels prior to immunoblotting (see below). 

 

G.  Immunoblotting 

Conditioned media was obtained after 24 hours of serum starvation and treat-

ments.  After collection, cell media was centrifuged at 1000 rpm for 5 minutes to 

remove any floating cells without lysing them, and supernatant from this step 

was used in experiments.  Cell extracts were obtained by washing confluent cells 

with ice-cold PBS, lysing with 0.1% NP40 lysis buffer containing protease and 

phosphatase inhibitors (Roche) (see Table 4), and centrifuging at 14000 rpm in a 

microcentrifuge at 4°C for 10 minutes to pellet cell debris.  Protein concentra-

tions of the resulting supernatants were determined using Bradford assay (Bio-

Rad).  Equal amounts of protein in 5X protein loading buffer were boiled for 5 

min, loaded on 4-20% polyacrylamide gradient gels (Bio-Rad), and electrophore-

sis was performed.  After transfer to nitrocellulose membranes (Bio-Rad), sam-

ples were blocked in TBST (TBS + 0.1% Tweenx20) with 5% nonfat dried milk and 

incubated with primary antibodies (see above) at 4°C overnight.  After washing, 

blots were incubated with the appropriate HRP-conjugated secondary antibodies 

for 1 hour at room temperature.  Bands were visualized by incubating with ECL 2 

substrate (Thermo Scientific), followed by different exposures to CLASSIC X-Ray 

film (Research Products International Corp). 
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TABLE 4:  List of buffers used for experiments 

NP40 Lysis buffer 
Protein loading 

buffer 

TIMP-2 Reconsti-

tution buffer 
TBST 

0.1% or 1% NP40 

(IGEPAL) 
1.25 mL Tris pH 6.8 1M 50 mM Tris pH 7.4 2.42g Trizma 

1 mM MgCl2 1mL Glycerol 10 mM CaCl2 8g NaCl 

100 mM NaCl 1mL 20% SDS 150 mM NaCl 1.3 mL HCl 

20 mM Tris pH 7.4 
215µl Bromophenol 

blue 
0.05% Brij-35 pH 7.5 1 mL Tweenx20 

20 nM sodium molyb-

date 

500µl Beta-

mercaptoethanol  
1 L dH2O 

1 phos stop tablet 6mL dH20 
  

1 protease inhibitor 

tablet    

 

H.  Pulldown of His6-tagged proteins using Ni-NTA beads 

Pulldowns were performed using conditioned media concentrated ~10X with 

Amicon Ultra 10K centrifugal filters (Millipore) according to the manufacturer’s 

protocol.  HisPur Ni-NTA Resin was used to pull-down his-tagged TIMP-2 from 

concentrated conditioned media.  Briefly, HisPur Ni-NTA Resin was washed 3x 

by vortexing resin with 0.1% NP40 lysis buffer and pipetting off supernatant.  

Concentrated conditioned media was combined with washed HisPur Ni-NTA 

Resin, and placed on rotator at 4oC for 1 hour.  Wash step was repeated 4x with 
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1% NP40 buffer + 150 mM NaCl to reduce non-specific binding of proteins to 

resin.  5X protein loading buffer was added to resin and boiled for 5 minutes.  

Samples were created from supernatant after removing resin by centrifugation at 

15000 rpm for 30 seconds.  Precipitated proteins were separated by SDS-PAGE 

and transferred to nitrocellulose membranes.  Co-immunoprecipitated proteins 

were detected by immunoblotting with indicated antibodies (see above). 

 

I.  Purification of TIMP-2-his mutants from conditioned media 

To purify TIMP-2-his mutants we used 50X concentrated conditioned media 

from HEK 293H cells in which the TIMP-2-his mutants had been expressed.  

Pulldown protocol was followed as described until the second wash step.  After 

washing resin 4x with 1% NP40 buffer + 500mM NaCl, TIMP-2 reconstitution 

buffer (Table 4) containing 0.5 M imidazole was added to resin and placed on ro-

tator at 4oC for 1 hour.  Samples were centrifuged at 3000 rpm for 30 seconds, 

and supernatant was placed into Amicon Ultra 10K centrifugal filters.  Resin was 

washed once with TIMP-2 reconstitution buffer (without imidazole) and this 

wash was also placed into filters.  Purified TIMP-2-his proteins were concentrat-

ed down to ~50 uL.  For a second round of purification, this fraction was com-

bined with 1% NP40 buffer + 500 mM NaCl and placed on rotator at 4oC for 15 

minutes.  Using Amicon Ultra 50K centrifugal filters (Millipore), samples were 

concentrated down to ~100 uL.  Concentrated sample above filter was then 
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washed with 1% NP40 buffer + 500 mM NaCl and concentrated down to ~100 uL 

again.  This wash step was repeated 3x.  The flow-through was saved and placed 

in Amicon Ultra 10K centrifugal filters to concentrate the purified TIMP-2-his 

samples and remove salt from buffer.  Samples were concentrated down to ~30 

uL, and flow-through from this step was discarded.  Buffer exchange was done by 

placing TIMP-2 reconstitution buffer above filter and concentrating again to 

yield a final volume of ~30 uL.  The quality of the isolated proteins was examined 

by Coomassie staining for 1 hour using GelCode Blue Safe Protein Stain (Thermo 

Scientific) of the SDS-PAGE gel.  TIMP-2 concentrations were determined using 

the human TIMP-2 Quantikine ELISA kit (R&D).  

 

J.  Gelatin zymography 

Gelatinase activity of conditioned media was detected by gelatin zymography 

[36].  HT1080 cell cultures in 24 hours serum free media were treated with differ-

ent concentrations of purified TIMP-2 (wild type or mutants) for another 24 

hours.  Equal amounts of conditioned HT1080 serum-free media with and with-

out treatments were subjected to electrophoresis using 8% acrylamide gels con-

taining 0.1% gelatin.  The gels were incubated for 30 min at room temperature in 

zymogram renaturing buffer (Novex, Invitrogen), 30 min at room temperature in 

zymogram developing buffer (Novex), and then transferred to fresh zymogram 

developing buffer for overnight incubation at 37°C.  Gels were then stained with 
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Coomassie Brilliant Blue R-250 (Bio-Rad) and briefly destained in 10% acetic ac-

id and 40% methanol, and imaged using an Epson Perfection V700 scanner.  

Gelatinase activity was detected as transparent bands on a dark background. Re-

combinant human MMP-2 (provided by Dr. Stetler-Stevenson) was run alongside 

conditioned media to confirm the identity of MMP-2 (not shown).  

 

K.  Reverse zymography 

Reverse gelatin zymography was performed to test how TIMP-2:MMP-2 inhibi-

tory activity varied among different purified TIMP-2-his mutants [37].  Equalized 

amounts (determined by immunoblotting) of purified TIMP-2-his mutants were 

run on 15% acrylamide gels containing 0.225% gelatin (Sigma) and 50 ng/ml pu-

rified MMP-2 (produced in house).  The reverse zymogram gels were incubated 

for 2 hours at room temperature in zymogram renaturing buffer, 30 minutes at 

room temperature in zymogram developing buffer, and then transferred to fresh 

zymogram developing buffer for overnight incubation at 37°C (Invitrogen).  Gels 

were stained and imaged as described in gelatin zymography.  TIMP-2 inhibitory 

activity was detected as dark positive staining bands over a clear background.  

Recombinant human TIMP-2 (Abcam) was run alongside our purified TIMP-2-

his mutants as a positive control (not shown). 
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L.  SensoLyte assay/MMP-2 kinetic assay 

Kinetics of TIMP-2 inhibition of the active form of MMP-2 were assessed using 

the SensoLyte 520 MMP-2 Assay kit (AnaSpec).  Manufacturer’s protocol was fol-

lowed.  Final concentration of constituents used in assay:  MMP-2 = 133 ng/mL, 

TIMP-2-his = 8 ng/mL, EDTA = 25 mM.  Kinetic readings were taken every five 

minutes for one hour. 

 

M.  Statistical analysis 

P values for MMP-2 enzymatic activity assay were calculated using unpaired 

two-tailed Student’s t-tests (GraphPad Prism 6).  In the experiments, n repre-

sents the number of experimental replicates and the presented experiments are 

representative of at least three biological replicates. 
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RESULTS 

 

a.  Inhibition of extracellular c-Src prevents TIMP-2 phosphorylation and dis-

rupts TIMP-2:MMP-2 interaction 

 

Confirmation of increased TIMP-2:MMP-2 interaction when c-Src is pre-

sent in cells 

 Previous data obtained (see Figure 8) suggested that while a basal level of 

interaction occurs between TIMP-2 and MMP-2 in vitro, exposure to active c-Src 

increases this interaction significantly.  With this information, the next step was 

to see if this same result could be seen from experiments in cells.  To do this, 

both SYF and SYF + c-Src cells were seeded overnight, serum-starved for 24 

hours, and recombinant TIMP-2-his was added to the conditioned media for a 

duration of 2 hours before collection.  Pulldown experiments of conditioned me-

dia confirmed that in the presence of c-Src TIMP-2 is able to interact strongly 

with MMP-2, whereas when c-Src is not present there is almost no TIMP-

2:MMP-2 interaction (Figure 10).  This confirms that the results gained from in 

vitro experiments also hold true (and are actually even more exemplified) when 

tested in cells. 
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c-Src is found extracellularly in the conditioned media of multiple cell 

lines 

 Recently, multiple studies have discovered that microvesicles and exo-

somes found within the extracellular environment are enriched in c-Src family 

kinases [38, 39].  As we previously determined that the secreted protein TIMP-2 

is phosphorylated by c-Src (Figure 7), we were interested to see if we could de-

tect extracellular c-Src ourselves.  We specifically looked at the levels of secreted 

c-Src protein in multiple different normal and cancer cell lines.  Extracts and 

conditioned media were collected from human normal (RWPE1, HEK 293H) and 

tumour cell lines including prostate (RWPE2, LNCaP, DU145, PC3), lung (A549, 

H460), fibrosarcoma (HT1080) and breast (MCF7) cell lines.  Each cell line was 

found to secrete endogenous c-Src, albeit at all different levels (Figure 11).  

When comparing the ratio of intracellular c-Src levels to the amount of c-Src 
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Figure 10:  c-Src-mediated phosphorylation of TIMP-2 promotes TIMP-2:MMP-2 inter-
action in cells.  Increased interaction is seen between TIMP-2 and MMP-2 in SYF + c-Src 
conditioned media (CM), when compared to CM from SYF cells.  Cell cultures were treated 
exogenously with TIMP-2-His6, pulldown and immunoblotted as indicated.  
 



	 	 	32	

found outside the cell, we found that c-Src secretion increases progressively with 

cancer aggressiveness (Figure 11).  This data tells us that c-Src secretion is not 

cell line specific but is likely to occur in all cell types, and increased secretion 

may correlate with cancer malignancy. 

 

 

Inhibition of extracellular c-Src abolishes TIMP-2 phosphorylation and 

TIMP-2:MMP-2 interaction 

 From the results shown above, we can conclude that:  1. c-Src can be 

found in the extracellular space (Figure 11); and 2. Phosphorylation of TIMP-2 

increases the interaction of the TIMP-2:MMP-2 complex (Figures 8 & 10).  

Based on these results, we hypothesized that c-Src phosphorylation of TIMP-2  
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Figure 11:  c-Src is secreted from multiple different cell lines.  c-Src is secreted by human 
prostate cancer cells, as well as various mouse and human cell lines.  Below the blots the in-
tensities of the bands CM/Total c-Src is shown.  
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occurs extracellularly, and direct inhibition of extracellular c-Src would have a 

significant effect on TIMP-2:MMP-2 interaction.  To test this, SYF + c-Src cells 

were seeded over night, serum starved, treated with a monoclonal antibody 

against c-Src for 1 hour, and then treated with recombinant TIMP-2-his for 2 

hours.  This technique was performed multiple times using various antibodies 

against c-Src that recognize and bind to different epitopes.  Before anti-c-Src 

antibody treatment, TIMP-2, MMP-2 and c-Src were found to form a trimeric 

complex in the conditioned media of SYF + c-Src cells.  As seen in Figure 12, ad-
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Figure 12:  c-Src phosphorylates TIMP-2 extracellularly.  While phosphorylation normal-
ly promotes TIMP-2:MMP-2 complex formation, c-Src antibody treatment prevents phos-
phorylation and abolishes TIMP-2:MMP-2 interaction.  TIMP-2-His6 was added in the CM for 
SYF+c-Src cells for 2 hours after 1 hour pre-treatment (+) with two c-Src antibodies (mAb) or 
Rabbit IgG.  Pulldown and immunoblotted as indicated.  Lys C, lysate control.  
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dition of anti-c-Src antibody effectively blocks extracellular c-Src from binding 

to TIMP-2-his, preventing TIMP-2-his from being phosphorylated.   

As protein phosphorylation generally promotes protein-protein interac-

tion [32], abrogation of phosphorylation resulted in a significantly reduced in-

teraction between TIMP-2-his and MMP-2.  This result is not seen with addition 

of control IgG antibody, suggesting that this effect is due to antibody binding 

specifically to c-Src.   Similarly, as the same result was seen multiple times using 

different antibodies each time, as well as using a human cancer cell line 

(HT1080) we confirm that this is a generalized effect and is not antibody or cell 

line specific (Figure 13).  From these studies, we can conclude that extracellular 

c-Src phosphorylates TIMP-2, and prevention of this phosphorylation by treat-

ment with anti-c-Src antibodies leads to diminished interaction between TIMP-2 

and MMP-2.   

 

 

 

 

 

 

Figure 13 (below):  c-Src antibody experiment results are not cell line/antibody specif-
ic.  Experiments done the same way as described in Figure 12.  Changes in experimental pro-
cedure are as follows:  a) HT1080 cells used.  b) c-Src antibodies from different companies 
used.  c) c-Src antibody targeting the C-terminus used. 
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b. Characterization of TIMP-2 Y90 phosphorylation and its functional effect on 

MMP-2 inhibition and activation 

 

Characterization of TIMP-2 tyrosine mutants in ability to inhibit MMP-2 

activity 

 As seen previously in Figure 9, we characterized each of the TIMP-2 sin-

gle tyrosine mutants in their ability to interact with MMP-2.  We found that the 

phosphomimetic 90E mutation interacts more strongly with MMP-2 when com-

pared to the wild type protein in conditioned media.  Since the interaction be-

tween TIMP-2 and MMP-2 governs MMP-2 proteolytic function [7], our next goal 

was to address the significance of TIMP-2 phosphorylation on the opposing roles 

of TIMP-2 to both inhibit active MMP-2 and assist in the activation of pro-MMP-

2.  We first sought to characterize the ability of each of the TIMP-2-his mutants 

to inhibit gelatin degradation by MMP-2.  To test this, we first had to purify each 

of the TIMP-2-his mutants from a mammalian cell system (rather than a bacteri-

al expression system) due to the fact that TIMP-2 disulfide bonds must be pre-

sent for the protein to be able to properly inhibit TIMP-2.  Bacteria do not have 

the correct machinery to add disulfide bonds onto TIMP-2 and therefore cannot 

properly process TIMP-2 into its mature 3D structure.  Briefly, to purify TIMP-2-

his (wild type and mutants), we transfected HEK 293H cells overnight, serum 

starved for 24 hours, collected the conditioned media, performed a his pulldown, 
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and then processed the his pulldown product through a filter until TIMP-2-his 

presented a pure product when ran on a gel and stained by Coomassie (process 

described in further detail in Materials & Methods, Section I).  A TIMP-2 ELISA 

(R&D) was used to determine the concentration of the purified TIMP-2-his 

products. 

After purifying TIMP-2-his from HEK 293H cells, we ran an equal amount 

of each of the purified TIMP-2-his mutants on reverse zymogram gels to observe 

their ability to inhibit MMP-2 substrate degradation.  We did not find a specific 

pattern with regards to the inhibitory function of TIMP-2.   We found that there 

was no significant difference in the ability of the TIMP-2-his mutants to inhibit 

the enzymatic activity of MMP-2, as shown by the relatively equal bands in Fig-

ure 14. 

 

 

IB 

Reverse  
zymography 

Y           F 
WT     62      90    165     TF 

TIMP-2 

TIMP-2-his6  

WT    62     90     165      TE 
Y          E 

Reverse  
zymography 

IB 
TIMP-2 

TIMP-2-his6  

Figure 14:  Characterization of F and E TIMP-2 mutants in ability to inhibit MMP-2.  
Equal amounts of purified TIMP-2-his6 mutant protein was ran on reverse zymogram gels.  
TIMP-2 inhibition can be seen as dark bands on a light background. 
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As the reverse zymography assay only shows an endpoint result of TIMP-

2 enzymatic inhibition, and also is a qualitative and not a quantitative method, 

we wanted to see if there was a difference in the rate at which the TIMP-2-his 

mutants inhibit active MMP-2.  Similar quantitative binding analyses have been 

done previously to determine the binding kinetics of various TIMPs to both the 

active and latent form of MMPs [40-42].  To do this, we used a fluorimetric assay 

that measured the amount of fluorescent substrate that was cleaved by active 

MMP-2 over time [43, 44].  We looked at MMP-2 alone, in the presence of a 

known inhibitor (EDTA), as well as in the presence of wild type TIMP-2 and non-

phosphorylatable/phosphomimetic TIMP-2 mutants.  As non-phosphorylated 

wild type TIMP-2 was found to interact slightly with MMP-2 (Figure 8), it is not 

surprising that wild type TIMP-2 has some ability to inhibit substrate degrada-

tion by active MMP-2 (Figure 15).  While the non-phosphorylatable mutants 

displayed inhibitory activity similar to wild type TIMP-2, phosphomimetic muta-

tion led to increased ability of TIMP-2 to inhibit MMP-2 degradation of fluores-

cent substrate (Figure 15a).  This is shown by a 20% decrease in the rate at 

which fluorescent substrate is cleaved, resulting in less overall fluorescence over 

time.  As a more direct approach of testing the effect of TIMP-2 phosphorylation 

on inhibition of active MMP-2, wild type TIMP-2 was in vitro phosphorylated and 

directly used in a similar assay.  Figure 15b shows that c-Src mediated in vitro 

phosphorylation of wild type TIMP-2 leads to a decrease in fluorescence when 
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compared to non-phosphorylated wild type MMP-2.  This implies that phos-

phorylation of TIMP-2 has a direct functional effect in enhancing the ability of 

TIMP-2 to inhibit the active form of MMP-2. 

 

 

Phosphorylation of TIMP-2 is necessary to promote full activation of pro-

MMP-2 

 As TIMP-2 is also known to play a role in assisting in the activation of 

pro-MMP-2 to its catalytically active form, we sought to determine if TIMP-2 

phosphorylation is implicated in this process in cells [45].  While the activation 

mechanism of pro-MMP-2 is complex (as seen in Figure 4), it is generally under-

stood that the presence of low amounts of TIMP-2 assist in the activation of 

Figure 15:  Phosphorylation enhances TIMP-2 ability to inhibit active MMP-2.  a) Phos-
phomimetic TIMP-2 Y90E and TE and b) in vitro phosphorylated TIMP-2 are more potent ac-
tive MMP-2 inhibitors compared to the wild type (WT).  Kinetic MMP-2 activity assay was 
performed to measure MMP-2 activity through degradation of a fluorescent substrate in the 
presence of inhibitor (EDTA or TIMP-2).  MMP-2 activity assay showing the variables, product 
accumulation (RFU, y axis) over time (x axis) occurs in linear trend for each treatment.  All 
best-fitting lines are straight (R2>0.99) except in the presence of EDTA, when MMP-2 activity 
is totally inhibited.  RFU, relative fluorescence units; error bars shown.  
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MMP-2, while high amounts of TIMP-2 directly inhibit MMP-2 activation [14].  

Using the highly invasive HT1080 fibrosacroma cell line, we treated cells with 

low amounts of TIMP-2 to observe the pro-MMP-2 activation process as has pre-

viously been described by Wang et al. and Caterina et al. [35, 46].  Conditioned 

media from TIMP-2 treated HT1080 cells was ran on gelatin zymography to ob-

serve MMP-2 activation.  In this system, pro-MMP-2 can be seen as the top band 

(72 kDa) that has the highest intensity when activation is unable to take place.  

The middle band (64 kDa) is the intermediate form of MMP-2, which results from 

cleavage of the pro- peptide of MMP-2 by MT1-MMP on the cell surface.  The 

bottom band (62 kDa) is the fully active form of MMP-2, which occurs as a prod-

uct of MMP-2 autocatalytic cleavage.  The bottom band shows the highest inten-

sity only when TIMP-2 levels are sufficient to promote MMP-2 activation.  When 

TIMP-2 amounts are low, activation is unable to take place because there is not 

enough TIMP-2 to guide MMP-2 to the membrane and promote formation of a 

trimeric complex with MT1-MMP.  However, when TIMP-2 levels are high, MT1-

MMP is inhibited by the excess amount of TIMP-2 and is therefore unable to 

cleave pro-MMP-2 to its active form (model depicted in Figure 4). 

We found that both the phosphomimetic 90E mutant as well as the FYF 

mutant (where Y90 was left free to be phosphorylated) behaved similar to wild 

type TIMP-2 in that they were all able to promote full activation of pro-MMP-2 

(Figure 16).  Conversely, the non-phosphorylatable 90F mutant was unable to  
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efficiently assist in the activation of pro-MMP-2.  As a result, pro-MMP-2 re-

mained in its inactive form, even as TIMP-2 treatment was increased to levels 

that would normally promote activation (Figure 16).  We confirmed that the in-

ability of the 90F mutant to assist in the activation of MMP-2 was due to the fact 

that the 90F mutant is unable to interact with MMP-2 in cells (Figure 17).  This 

suggests that Y90 phosphorylation of TIMP-2 is required for proper interaction 

of TIMP-2 with pro-MMP-2 in cells, allowing for the activation process to occur. 

 x10 ng/ml             -      1     2    4     8    12   16   32 

Y90F 

Y90E 

WT 

FYF 

		

Activation Inhibition 

Low High TIMP-2 
amount

pro-MMP-2, 72kDa 

Fully active  
MMP-2, 62kDa  

Intermediate  
MMP-2, 64kDa  

Figure 16:  TIMP-2 Y90 regulates pro-MMP-2 activation.  Gelatin zymography showing 
the ability of wild type (WT) TIMP-2 and indicated mutants to activate proMMP-2 at low 
amounts (<4ng/ml) (in purple rectangle) and inhibit proMMP-2 activation at high amounts 
(>12ng/ml) (in red rectangle) in HT1080 cells.  WT TIMP-2, FYF and Y90E were added to the 
media of HT1080 cells and at low amounts assist in the activation of pro-MMP-2 (72kDa), 
whereas, Y90F has lost its ability to activate proMMP-2.  All forms of TIMP-2 protein were 
able to inhibit pro-MMP-2 activation at high amounts.  
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Figure 17:  Y90 regulates TIMP-2:MMP-2 interaction in HT1080 cells.  TIMP-2 mutants 
used in gelatin zymography experiment were transfected into HT1080 cells, pulldown from 
conditioned media (CM) and immunoblotted as indicated.  Interaction (co-pulldown) of 
TIMP-2 proteins with MMP-2 is shown.  Vec, vector control; WT, wild type.  
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DISCUSSION 

 

 It is well-known and accepted that the classic function of TIMP-2 is to 

regulate MMP-2 activity and activation in the extracellular environment by for-

mation of a TIMP-2:MMP-2 complex.  Traditionally, the N-terminus of TIMP-2 

binds to the N-terminal catalytic domain of MMP-2, forming a tight complex 

that inhibits MMP-2 proteolytic activity.  On the other hand, the C-terminus of 

TIMP-2 is also capable of forming a complex with the C-terminal hemopexin 

domain of pro-MMP-2, assisting in activation of the enzyme.  Our study identi-

fies that TIMP-2:MMP-2 complex formation is dependent on phosphorylation of 

TIMP-2, a novel discovery as there have been no studies reporting the existence 

of phosphosites on TIMP-2 as of yet.   

Preliminarily, our lab has shown that TIMP-2 is phosphorylated on three 

tyrosine residues (Y62, Y90, Y165), and that the phosphorylation status specifi-

cally of the Y90 residue is capable of regulating TIMP-2 interaction with MMP-2 

(Figures 6 & 9).  As Y90 sits within a semi-hidden inner fold of the TIMP-2 N-

terminus (shown in Figure 18), it may be possible that phosphorylation of this 

residue causes a conformational change in the protein, promoting TIMP-2 inter-

action with MMP-2.  Based on our data that mutation of the Y90 residue to non-

phosphorylatable phenylalanine results in a complete lack of TIMP-2:MMP-2 

interaction in cells (Figures 9 & 17), it could be that this is due to TIMP-2 being 
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unable to convert to its proper conformation.  As there have been no reports 

documenting the significance of the TIMP-2 Y90 residue in any fashion, our re-

sults are the first to suggest a role of Y90 in regulating TIMP-2:MMP-2 interac-

tion. 

 

 

In addition to Y90, we also found that both Y62 and Y165 residues of 

TIMP-2 were capable of being phosphorylated (Figure 18).  It is not overly sur-

prising that both of these residues are phosphorylated, as they are both exposed 

on the surface of the 3D structure of TIMP-2 and therefore are more easily acces-

sible to kinases.  Y62 is located on the N-terminal domain, directly within the 

hairpin turn of the AB loop of TIMP-2.  This residue has been shown to be criti-

Y62 

Y90 

Y165 C 

N Y110 

Y204 

Y148 

Y71 

Figure 18:  TIMP-2 protein 3D structure showing tyrosine residues.  The seven tyrosine 
residues (Y) are shown, the non-phosphorylated (in black) and the phosphorylated (in red).  
TIMP-2 N-terminus domain is shown in pink and the C-terminus domain in blue.  
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cal for the binding affinity of TIMP-2 and MT1-MMP as well as TIMP-2 inhibito-

ry activity, shown through the use of mutations within the AB loop [47].  There-

fore it is possible that phosphorylation of TIMP-2 on the Y62 residue may regu-

late TIMP-2 binding to MT1-MMP without compromising TIMP-2:MMP-2 bind-

ing properties.  On the contrary, Y165 is located at the opposite end of the pro-

tein, in an exposed portion of the C-terminal domain of TIMP-2.  More specifi-

cally, the Y165 residue lies within the GH loop, which is known to be important 

for interaction with the fourth blade of the hemopexin domain of pro-MMP-2 

[48].  This leads us to believe that phosphorylation of TIMP-2 Y165 may play a 

role in regulating the pro-MMP-2 activation process.  Although no mutations 

were used in this study, it will be of great importance to further characterize the 

significance of this phosphorylation in future studies.   

Initially, we sought to test the ability of each TIMP-2 tyrosine mutant to 

inhibit MMP-2 using reverse zymography as a qualitative assay of enzymatic in-

hibition.  In reverse zymography, TIMP-2 mutants (purified from the condi-

tioned media of HEK 293 cells) were ran on zymogram gels containing recombi-

nant MMP-2 and its substrate (gelatin) directly in the gel (described further in 

Materials & Methods, Section K).  Gels were placed in buffers that allowed for 

renaturing and activation of the proteins within the gels (TIMP-2 and MMP-2).  

As seen in Figure 14, TIMP-2 inhibition of MMP-2 substrate degradation can be 

seen as dark bands stained on a light background.  The first trials of this experi-
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ment continuously gave irreproducible results.  To determine if there was a 

problem with our house-made mutant proteins, we ran our TIMP-2 mutants on 

an acrylamide gel and used Coomassie staining to check the purity of the mu-

tants.  We found that our TIMP-2 mutants were not completely pure, as MMP-2 

seemed to also be present in each sample.   

From here, I sought to optimize a protocol to remove MMP-2 that was at-

tached to the TIMP-2 mutants purified from human HEK 293 conditioned media, 

resulting in clean TIMP-2 mutants (shown by Coomassie staining, Figure 19).  

Each time the mutants were purified, TIMP-2 ELISA (R&D) was used to quantify 

the resulting protein samples.  This protocol is described in detail in Materials & 

Methods, Section I.  These mutants were subsequently used in the same reverse 

zymography experiments.  While we expected the phosphomimetic Y90E (and 

TE) mutants to display larger dark bands compared to wild type TIMP-2, all 

bands looked to be the same intensity (Figure 14).  We determined that the 
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Figure 19:  Coomassie stain showing purity of wild type TIMP-2 and mutant proteins.  
After the purification procedure outlined in Materials & Methods, Section I, purified proteins 
were ran on 4-20% acrylamide gel and Coomassie stained.  Pure TIMP-2 protein can be seen 
as no other bands are present on gel.  MW, molecular weight; L, ladder. 
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reverse zymography assay is not sensitive enough to accurately measure differ-

ences in the ability of TIMP-2 mutants to inhibit MMP-2.  After searching the 

literature, we found that other labs had used kinetic binding assays that meas-

ured substrate hydrolysed over time to determine differences in TIMP ability to 

bind and inhibit active MMP [42]. 

As reverse zymography qualitatively measures the endpoint of MMP-2 in-

hibition by TIMP-2, we sought to use a more sensitive assay that would provide 

us with a quantitative measurement of the rate of TIMP-2 inhibitory activity.  To 

do this, we used a fluorimetric assay that measures the degradation of fluores-

cent peptide by active MMP-2 in the presence of TIMP-2 mutants [43, 44].  We 

found that phosphomimetic mutation of TIMP-2 was able to enhance the ability 

of TIMP-2 to inhibit MMP-2 degradation of fluorescent peptide (Figure 15a), 

while non-phosphorylatable mutants did not show any difference when com-

pared to wild type TIMP-2.  This result was confirmed by phosphorylating wild 

type TIMP-2 in vitro, and comparing it to non-phosphorylated wild type TIMP-2 

using the same fluorimetric assay (Figure 15b).  From this result, we can see 

that the rate of MMP-2 substrate degradation is decreased upon phosphorylation 

of TIMP-2, implying that phosphorylated TIMP-2 is able to better inhibit MMP-2 

active form.  We believe that our reverse zymography experiments did not show 

this same result due to the fact that the assay was not sensitive enough to show 

a 20% difference in inhibition, as seen in Figure 15a.  Nonetheless, based on our 
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results from the fluorimetric assay, we do believe that phosphorylation of TIMP-

2 increases the effectiveness in which TIMP-2 is able to inhibit active MMP-2. 

After determining that TIMP-2 phosphorylation affects the function of 

TIMP-2 to inhibit active MMP-2, we were also interested to see if phosphoryla-

tion had an effect on the ability of TIMP-2 to promote the activation of pro-

MMP-2.  Over 20 years ago it was discovered that MMP-2 was unique in that it 

could be activated in the presence of plasma membrane, whereas this was not 

the case for the similar protein, MMP-9 [45].  Future cell-based studies found 

this to be the result of TIMP-2 binding to MT1-MMP on the membrane, creating 

a trimeric complex with pro-MMP-2 and providing a scaffold for MMP-2 activa-

tion to occur [35, 46, 49, 50].  In these studies, HT1080 cells were used as a mod-

el system as they are able to sufficiently show the activation process of pro-

MMP-2 to its fully active form.  HT1080 cells were treated with increasing 

amounts of TIMP-2 to demonstrate that TIMP-2 is actually able to promote acti-

vation of pro-MMP-2; however, when an excess of TIMP-2 is present, this pro-

cess is prevented by direct inhibition of MT1-MMP catalytic activity by TIMP-2 

[35, 46].   

Using this same model system, we found that phosphomimetic mutation 

of TIMP-2 acted similarly to wild type TIMP-2 in that activation of pro-MMP-2 

was able to take place in HT1080 conditioned media (Figure 16).  We confirmed 

this result by using an FYF mutant, in which Y62 and Y165 were both mutated to 
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phenylalanine whereas Y90 was left free to be phosphorylated.  As the FYF mu-

tant displayed similar results as both wild type and the 90E mutant, this provides 

evidence that the phosphomimetic Y90E mutant acts similarly to a phosphory-

lated Y90 residue in cells.  Mutation of Y90 to non-phosphorylatable phenylala-

nine resulted in the opposite effect:  pro-MMP-2 activation was unable to take 

place upon treatment with the 90F mutant (Figure 16).  This provides strong ev-

idence that Y90 phosphorylation is necessary to regulate the pro-MMP-2 activa-

tion process.  It is also interesting to note that while the pro-MMP-2 activation 

process is affected by TIMP-2 phosphorylation status, inhibition of activation 

(through TIMP-2 inhibiting MT1-MMP; Figure 4, right) does not seem to be af-

fected.  Further experiments are needed to determine if TIMP-2 phosphorylation 

has any effect on its interaction with MT1-MMP. 

While the single Y62 and Y165 non-phosphorylatable and phosphomi-

metic mutants were not tested in either the active MMP-2 inhibition assay or the 

pro-MMP-2 activation assay, it would be interesting to see how mutation of the-

se residues would affect the multiple functions of TIMP-2.  It is likely that Y62 

phosphorylation may affect the ability of TIMP-2 to inhibit MT1-MMP, as this is 

the central residue that allows the two proteins to interact [47].  As the Y165 res-

idue is located in the C-terminus of TIMP-2 (Figure 18), it is possible that phos-

phorylation of this residue could somehow regulate pro-MMP-2 activation.  This 
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is based on the knowledge that TIMP-2 C-terminus interacts with pro-MMP-2, 

promoting activation of pro-MMP-2 to its catalytically active form [12, 48].   

 Studies on extracellular kinases, how they are secreted, and how they 

function in the extracellular environment are limited.  The first reporting of an 

extracellular kinase was in 2012, when Tagliabracci et al. discovered that 

Fam20C, a serine/threonine kinase, was secreted through the ER/golgi pathway 

and able to phosphorylate extracellular proteins important for biomineralization 

[23].  Two years later, Bordoli et al. identified the first tyrosine kinase 

(VLK/PKDCC) to exist outside the cell.  VLK/PKDCC is secreted from platelets 

through the ER/golgi pathway, and acts to phosphorylate a multitude of proteins 

that regulate embryonic development [25].  With regards to c-Src kinase, c-Src 

has previously been found extracellularly in exosomes and microvesicles, but 

there has been no evidence suggesting that c-Src is able to actively phosphory-

late proteins within the extracellular environment [38, 39].   

As no definitive reports exist describing the levels of c-Src found outside 

the cell, we wanted to see if there were any differences in c-Src secretion be-

tween cell lines.  We have confirmed the presence of extracellular c-Src within 

the conditioned media of multiple normal and cancerous cell lines (Figure 11).  

Our data clearly shows that c-Src is released from different cell lines at varying 

degrees.  As cancer cells are generally known to have elevated protein levels, it is 

not surprising that we found increased secretion of c-Src in the prostate cancer 
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cell lines RWPE2 and PC3 when compared to their normal parental (RWPE1) or 

less aggressive LNCaP and non-cancerous HEK 293H cells.  The intracellular pro-

tein GAPDH is only detected in cell extracts (denoted by Lys C), suggesting that 

the presence of c-Src within the conditioned media is due to physiological secre-

tion, and not a byproduct of cell death (Figure 11).  Future studies using siRNA 

for c-Src could be done to confirm that we are in fact observing physiological c-

Src secretion, as extracellular c-Src levels should be visibly diminished after 

treatment with siRNA. 

We also attempted to detect active c-Src outside the cell using an anti-

body against the phosphorylated Y419 residue of c-Src; however, we were not 

successful.  This is not surprising though, as previous reports showing the exist-

ence of extracellular kinases have also not been able to detect endogenous active 

kinase outside the cell.  Better optimization of detection of active Y419 c-Src or 

alternative methodologies could be used in future studies.  Fam20C and 

VLK/PKDCC, the two kinases previously found to be secreted from the cell, were 

shown to phosphorylate extracellular proteins after overexpression of transient-

ly transfected kinase.  While our results provide novel information on the en-

dogenous levels of extracellular c-Src secreted from normal and cancer cell lines, 

we have not yet been able to show the pathway of c-Src secretion, as well as the 

stimulus that promotes it.  In the future, it would be interesting to characterize 
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the cellular mechanism of c-Src secretion, as well as determine the stimulus that 

promotes c-Src secretion from the cell. 

Fascinatingly, we have determined that c-Src kinase is able to phosphory-

late TIMP-2, and this process can occur extracellularly (Figures 7, 12, 13).  As 

antibodies are generally too large to pass through the plasma membrane, and we 

only add antibody to the conditioned media for a short time before collection, 

the antibody is likely only able to bind to extracellular c-Src.  One hour of anti-c-

Src antibody treatment is enough to block phosphorylation from occurring, ef-

fectively preventing formation of the TIMP-2:MMP-2 complex (Figures 12 & 

13).  While our studies suggest that c-Src is the kinase that phosphorylates 

TIMP-2 extracellularly, we have not ruled out that Yes and Fyn kinases may also 

be secreted from cells and phosphorylate TIMP-2 extracellularly.  It would be in-

teresting to see if this is possible using an in vitro kinase assay where active 

Yes/Fyn kinase is incubated with TIMP-2 and phosphorylation status is ob-

served.   

With antibody treatment, phosphorylation of TIMP-2 is prevented, as c-

Src is unable to interact with its substrate.  This result holds true with each anti-

body used in the experiment.  As each antibody targets a different epitope of c-

Src, we can map the domains important for c-Src interaction with TIMP-2.  In 

Figures 12 & 13, we treated cells with antibodies that specifically target amino 

acids 1-110 of the c-Src protein, as well as antibodies solely targeting the SH3 
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domain and the C-terminus.  Treatment with each antibody results in dimin-

ished phosphorylation of TIMP-2 and reduction in TIMP-2:MMP-2 complex for-

mation.  The c-Src SH3 domain is comprised of amino acids 84-145.  This do-

main is known to be important for substrate recognition and protein-protein in-

teractions, so it is not surprising that antibody specific to this domain would ab-

rogate phosphorylation/interaction.  As the antibody that binds to amino acids 

1-110 actually blocks part of the SH3 domain, we expect to see the same effect.  

It would be interesting to see if an antibody that exclusively targets the N-

terminus of c-Src (amino acids 1-84) would also hinder phosphorylation, or if 

phosphorylation could still take place.  In regards to the antibody targeting the 

C-terminus, it is possible that antibody bound to the C-terminus of c-Src may 

somehow obscure the kinase domain from being able to properly phosphorylate 

the TIMP-2 protein. 

In the experiment described above, we also exogenously added TIMP-2-

his to the conditioned media after antibody treatment to properly address if 

phosphorylation is occurring extracellularly.  We found that pre-treatment with 

antibody led to the inability of TIMP-2-his to be phosphorylated.  As it is very 

unlikely that TIMP-2-his would enter the cell, be phosphorylated by intracellular 

kinase, and exit the cell in such a short amount of time (2 hours), we conclude 

that extracellular c-Src kinase is phosphorylating TIMP-2-his outside of the cell.  

This is important in that extracellular c-Src-mediated mechanisms of action can 
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have a significant effect on regulating the ECM through phosphorylation of 

TIMP-2.  It would be interesting to see if phosphorylation is occurring on the 

surface of the cell through c-Src bound to the extracellular membrane.  Future 

studies could determine this by using biotinylation kits that bind all proteins on 

the cell surface, and subsequently detecting if c-Src is present in biotinylated 

pulldown experiments. 

In conclusion, we have found that the secreted protein TIMP-2 is phos-

phorylated extracellularly by c-Src, and that this phosphorylation is important in 

defining the interaction of TIMP-2 with MMP-2 and subsequently affecting 

MMP-2 activity (described in summary model, Figure 20).  This new mechanism 

of MMP regulation through c-Src phosphorylation of TIMP-2 has important im-

plications on physiological ECM remodelling as well as abnormal ECM in patho-

logical conditions including cancer, fibrosis, arthritis, or cardiovascular diseases.  

It will be important to use knowledge gained from this study when developing 

novel anti-metastatic therapies that target extracellular proteins. 
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Figure 20:  Model summarizing results of thesis. 
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