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Abstract

Matrix metalloproteinases (MMPs) are secreted zinc-dependent endopeptidases
that are involved in many extracellular biological processes due to their matrix-
degrading function. The majority of these enzymes are released into the
extracellular space in their inactive form and require activation. The tissue
inhibitors of metalloproteinases (TIMPs) are also secreted proteins and mainly
function to inhibit all members of the MMP family. Interestingly, TIMP-2 also
participates in the activation process of proMMP-2. Although the interaction
between TIMP-2 and proMMP-2 has been known for decades, the molecular signal
that triggers this association has only recently been determined. Studies in our lab
have shown that TIMP-2 is tyrosine phosphorylated by the c-Src tyrosine kinase.
Also, phosphorylation of TIMP-2 Tyr90 is essential for its interaction with proMMP-
2 in vivo. Our hypothesis is that c-Src-mediated TIMP-2 phosphorylation happens
outside the cell. Here, we demonstrate that TIMP-2 and c-Src are secreted through
different secretory pathways and that TIMP-2 phosphorylation takes place in the
extracellular space. Our work also shows that extracellular c-Src is active,
reinforcing the fact that phosphorylation can happen extracellularly. We also
hypothesize that extracellular c-Src plays a critical role in facilitating TIMP-
2:proMMP-2 interaction. We first confirmed that TIMP-2 and proMMP-2
endogenously interact only in cells containing endogenous c-Src. This interaction,
as well as TIMP-2 phosphorylation, was blocked by treating cells with a custom-
made anti-c-Src polyclonal antibody (pAb) that targets amino acids 84-110. We

also show that an anti-c-Src antibody that targets the first 79 amino acids does not



inhibit TIMP-2 phosphorylation and interaction with proMMP-2. Therefore, since
TIMP-2:proMMP-2 complex formation promotes proMMP-2 activation, we
hypothesize that c-Src is an essential player in this process. Our data shows that
the non-phosphorylatable TIMP-2 Tyr90 mutant does not promote proMMP-2
activation. Furthermore, pretreatment with the anti-c-Src pAb blocked TIMP-2-
mediated proMMP-2 activation, whereas the anti-c-Src mAb6 did not affect
proMMP-2 activation. Overall, these findings provide further evidence that
secreted c-Src-mediated TIMP-2 phosphorylation occurs in the extracellular
space, where the secreted kinase is also active. Moreover, c-Src is essential for

TIMP-2:proMMP-2 complex formation as well as proMMP-2 activation.
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CHAPTER |

1. Introduction

1.1. The extracellular matrix: secreted enzymes and cancer biology

Multicellular organisms are formed by individual cells that communicate with each
other and perform essential functions to ensure the proper development of the
organism. These cells are not located in an empty space, in fact, they are attached
to a complex mesh of secreted molecules that form a structure known as the
extracellular matrix (ECM) (1). The integrity of the ECM is kept by interaction
between cellular receptors and structure-supporting proteins such as fibronectin,
collagen, and gelatin. Moreover, the ECM contains growth factors that, when
released, promote diverse intracellular signaling pathways that lead to cell
differentiation, development, migration, and motility (2). However, in a pathological
context, loss of cell attachment to the ECM often leads to the metastatic disease,
where cancer cells escape through the extracellular space and intravasate into the
blood vessels, where they can be transported to distant sites and colonize other
territories of the organism, creating a secondary tumor (3,4). Therefore, cancer
cells can migrate following degradation of the ECM. The main players of this
degradation process are secreted enzymes known as proteases, which are
catalytically active and mainly function to remodel the ECM (5). Proteases are
overexpressed in cancer, thus providing an excessive ECM turnover to facilitate
cell migration. In normal tissues under non-pathological conditions, extracellular
proteases degrade components of the ECM in order to guarantee cell motility as

well as an adequate regeneration of the extracellular environment.
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1.2. The Matrix Metalloproteinases (MMPSs)

The matrix metalloproteinases (MMPs) are zinc-dependent endopeptidases that
mainly function extracellularly (6). The MMP family comprises 24 members,
including plasma membrane-bound and free-released proteins, which can be
classified in five groups: collagenases, gelatinases, membrane type (MT),
stromelysins, and matrilysins (7) (Table 1). All MMPs contain, from the N-terminus
to the C-terminus, a signal peptide (SP), a prodomain, and a catalytic domain. The
SP targets the MMP protein for secretion through the endoplasmic reticulum (ER)-
Golgi secretory pathway. This SP sequence is cleaved at the ER by the enzyme
signal peptidase, leaving the prodomain exposed at the N-terminus. The
prodomain maintains the MMP enzyme in an inactive state by masking the catalytic
domain. A cysteine (Cys) residue in the prodomain interacts with the Zn?* ion in
the active site, making the ion inaccessible, and thus keeping the enzyme in its
inactive state. Once the prodomain is removed, active MMPs can degrade their
extracellular substrates. Most MMPs also contain a hemopexin (HPX) domain,
which is located at the C-terminus and is involved in the interaction with substrates.
Additionally, the HPX domain of some MMPs also interacts with the C-terminal
domain of their endogenous inhibitors, the tissue inhibitors of metalloproteinases
(TIMPs) (see below). This alternative interaction between some MMPs (the
gelatinases) and TIMPs promotes the extracellular activation of the inactive
proform of MMPs (8,9). Most MMP family members are activated in the
extracellular space by extracellular proteases or within the secretory pathway by

intracellular serine proteases and therefore, released or anchored to the
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membrane as an active enzyme. All MT-MMPs and MMP-11, -28, and -22 are
activated during secretion by intracellular serine proteases that cleave a furin-like

domain located between the prodomain and the catalytic domain (7).

Table 1. MMP classification based on structure and substrate specificity.

Type MMP member
Collagenases MMP-1, 8, 13, 18
Gelatinases MMP-2 , 9
Membrane type (MT) MMP-14, 15, 16, 24, 17, 25
Stromelysins MMP-3, 10, 11
Matrilysins MMP-7, 26
Others MMP-12, 19, 20, 21, 23, 27, 28

1.3. The Tissue Inhibitors of Metalloproteinases (TIMPSs)

The tissue inhibitors of metalloproteinases (TIMPs) are the endogenous inhibitors
of active MMPs (10). There are four family members, TIMP-1, -2, -3, and -4, which
are secreted to the extracellular space via the ER-Golgi secretory pathway, and
share some common characteristics (Table 2). Human TIMP protein sequence is
about 40% similar among the four members of the family, being TIMP-2 and TIMP-
4 the TIMPs with higher similarity (about 50%) (10). All TIMPs contain a SP, the
inhibitory N-terminal domain, and the C-terminal domain. TIMPs inhibit a vast
number of extracellular proteases, including MMPs, ‘a disintegrin and
metalloproteinase’ (ADAM) family, and ‘ADAMs with thrombospondin domain’
(ADAMTS) family. Therefore, TIMPs play a critical role by inhibiting enzymes
involved in many intracellular and extracellular biological processes such as ECM

degradation, invasion, angiogenesis, differentiation and proliferation (11).
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Table 2. Characteristics of each member of the TIMP family. Adapted from Jackson et al. (2017).

Characteristic TIMP-1 TIMP-2 TIMP-3 TIMP-4
Human X11p11.23- 22012.1-
chromosome 11.4 17g23-25 ql3.2 3p25
Molecular
weight (kDa) 21 22 22 22
Number of 184 194 188 194
amino acids
Protein Soluble and Soluble and ECM and cell | Soluble and
localization cell surface cell surface surface cell surface
N-glyc_osylatlon 5 0 1 0
sites
Weak for
MMP inhibition | MMP-14, 16, All All Most
19& 24
ADAM Most ADAMSs Some
inhibition ADAMI0 ADAM12 and ADAMTSs ADAMs
proMMP i ) proMMP-2 & i
binding proMMP-9 proMMP-2 oroMMP-9 proMMP-2
Non-protease a3B1 integrin EFEMP1,
binding CD63 & LRP1 2 LRP% VEGFR2 & -
partners AGTR1
Post- Ub-K45 Ph-v100 Ph-S4
) Ph-S57 Ph-Y177
translational Ub-K70 Ph-Y62 Ph-Y182 Ph-S10
modifications* Ub-K180 Ph-Y195 M1-K86

ADAM, a disintegrin and metalloproteinase; ADAMTS, ADAM with thrombospondin domains;
AGTR1, type-1 angiotensin Il receptor; EFEMP1, epidermal growth factor-containing fibulin-like
extracellular matrix protein 1; M1, mono-methylation; MMP, matrix metalloproteinase; LRP1,
lipoprotein receptor-related protein 1; Ph, phosphorylation; TIMP, tissue inhibitor of
metalloproteinase; Ub, ubiquitination; VEGFR2, vascular endothelial growth factor receptor 2.
*Based on mass-spectrometry data (10).

The N-terminal domain of TIMPs interacts with the catalytic domain of MMPs,
inhibiting the catalytic activity of the enzymes. The four cysteines (Cys) located at
the N-terminus of TIMPs bind into the catalytic cleft of active MMPs, directly
interacting with the Zn?* ion (12). TIMPs:MMPs binding affinities differ from each
other, thus not all MMPs can be inhibited by the same TIMP member. However,
since each TIMP family member can inhibit more than one MMP family member,

the four TIMPs can inhibit all MMPs.
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1.4. Theinterplay between MMP-2 and TIMP-2

As mentioned above, TIMPs not only bind to the active form of MMPs, but also to
the prodomain of some MMPs (proMMP-2 and proMMP-9) (Table 2, (11)). This
peculiar behavior is possible through different domain interactions. Interestingly,
TIMP-2 is the only TIMP member that is able to mediate the activation of an
inactive MMP (proMMP-2) (12). In the proMMP-2:TIMP-2 complex, TIMP-2 C-
terminal domain binds to the C-terminal HPX domain of proMMP-2 (Fig. 1), thus
facilitating the activation processing of the proenzyme in the outer surface of the
plasma membrane. The activation process also requires binding of the TIMP-2 N-
terminal domain to the active site of a membrane-bound MMP, MT1-MMP (also

known as MMP-14).

/ Catalytic Fibronectin
Domain AL /‘ - Domains

proMMP-2 | =

Hemopexin
Domain

Propeptide

7
\ C-term/ w\

TIMP-2

Figure 1. Crystal structure of the TIMP-2:proMMP-2 complex. The proMMP-2 domains are
indicated. The catalytic Zn2* ion is also indicated. The hemopexin domain is composed of four B-
propeller blades (I-1V, in bright red). TIMP-2 N- and C-termini are indicated. The contact areas
between TIMP-2 and proMMP-2 are highlighted in yellow ellipsoids. Modified from Visse & Nagase
(2003).
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Interaction between MT1-MMP and the TIMP-2:proMMP-2 complex brings
proMMP-2 in close proximity to the plasma membrane, where a TIMP-2-free MT1-
MMP can catalytically cleave a segment of the prodomain of proMMP-2, thus
partially activating the enzyme (13). The second step of proMMP-2 activation
requires a process known as autocatalytic proteolysis by a second molecule of
intermediate MMP-2 bound to another MT1-MMP protein (14,15). The fully active
MMP-2 is released from the plasma membrane to the ECM, where it can degrade
its substrates (Fig. 2). Alternative models of proMMP-2 activation have also been

proposed (8).

Extracellular

— BN~ Active
Pl A 2rasTep: MMP-2

= Autocatalytic
L]

proteclysis i
. . Intermediate

MMP-2

15t STEP:
cleavage by
TIMP-2-free

DURIUNAY MDY m )

R-Golgi Golgi
athway Pathway

EFPRO CAT Lizdc EAY
proMMP-2 TIMP-2 Intracellular

Figure 2. Classic model of proMMP-2 activation. TIMP-2 and proMMP-2 are secreted through
the ER-Golgi pathway, which results in the cleavage of the SP. A trimer complex between proMMP-
2, TIMP-2, and MT1-MMP is formed in the plasma membrane. Cleavage of the prodomain of MMP-
2 happens in a stepwise manner. Fully active MMP-2 is released to the extracellular space and can
be inhibited by another molecule of TIMP-2. C, C-terminus; CAT, catalytic, HPX, hemopexin; N, N-
terminus; PRO, prodomain; SP, signal peptide; TM, transmembrane.
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1.5. Extracellular phosphorylation and ectokinases

Phosphorylation is an essential post-translational modification (PTM) in signaling
pathways (16,17). This PTM allows proteins to interact with each other and
therefore promote transduction of a signal to downstream effectors. Protein
complexes are also formed in the extracellular space, however, phosphorylation
of specific residues in these proteins have not been reported to be required for the
interaction to happen. Over the last few years, there is more evidence supporting
phosphorylation of extracellular proteins (18,19). More recently, several kinases
have been found to be released outside the cell through the conventional pathway
(20,21). These secretory kinases phosphorylate substrates within the secretory
pathway prior to secretion. However, the fact that phosphorylation can happen
extracellularly is gaining importance since proteins can only be phosphorylated in

the presence of kinases, and the latter can be secreted to the extracellular space.

Recently, kinases have been reported to be secreted outside the cell
(ectokinases), however, prior to these findings, the process of extracellular
phosphorylation was thought to be unlikely due to several factors: i) absence of
extracellular kinases; ii) low or none extracellular ATP; iii) existence of intracellular
ER or Golgi-resident kinases that could phosphorylate extracellular proteins during

secretion, thus questioning the requirement for extracellular phosphorylation.

1.6. The c-Src non-receptor tyrosine kinase

Kinases are ubiquitous proteins involved in almost every intracellular signaling
pathway. Protein kinases function to phosphorylate substrates by removing a
phosphate group from a molecule of ATP, and placing it on a residue of the

16



substrate. There are three kind of kinases based on the specificity: tyrosine

kinases, serine/threonine kinases, and dual specificity kinases.

The c-Src tyrosine kinase is a member of the Src family of protein tyrosine kinases
(SFKs), which includes Src, Fyn, Yes, Yrk, Fgr, Hck, Lyn, Blk, and Lck (22). The
c-Src kinase as well as the other members of the SFKs contain four Src homology
(SH) domains (Fig. 3, (23)), and a unique (U) domain, located after the SH4
domain, which differs in length and sequence among SKF kinases (24). From the

N-terminal, the c-Src Tyr kinase contains the SH4, U, SH3, SH2, kinase (or SH1),

151 248 270 523 536

m TSH3 TSHZ H KINASE DOMAIN (SH1)
| @ |& @

Myrlstoylatlon Phos-Tyr ATP blndlng
Structural interaction
function / Autoinhibition
I Autophosphorylation I
Membrane Substrate T
localization interaction P Substrate
A B S— phosphorylation
Survival < .eeeees 2N BN - » Migration
vy ¥
F;I\i:( Proliferation Angiogenesis PFA_:?
Ras STAT3 axiin
MEK 1/2 VEGF
ERK 1/2

Figure 3. c-Src domains and functions. The different c-Src domains from the N-terminus to the
C-terminus and their main functions are shown. Myristoylation at Gly2 targets the protein to the
plasma membrane. The U domain connects the SH4 and SH3 domains and has structural
importance. The SH3 domain binds to substrates, which are implicated in several biological
pathways such as survival, proliferation, angiogenesis, and migration. The most remarkable
proteins involved in these pathways are shown. The SH2 domain binds to phosphorylated Tyr
residues. The kinase or SH1 domain is involved in both the autophosphorylation of Tyr419 and the
phosphorylation of substrates. The C-terminal regulatory domain is involved in the inactivation of
the kinase when Tyr530 is phosphorylated. Akt, Akt kinase (also known as protein kinase B, PKB);
ERK 1/2, extracellular-signal-regulated kinase 1/2; FAK, focal adhesion kinase; MEK 1/2, dual
specificity mitogen-activated protein kinase kinase 1/2 (also known as MAPK/ERK kinase 1/2; P,
phosphorylation; PI3K, phosphoinositide 3-kinase; R, C-terminal regulatory domain; Ras, GTPase
KRas; SH, Src homology domain; STAT3, signal transducer and activator of transcription 3; U,
unique domain; VEGF, vascular endothelial growth factor.
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and C-terminal regulatory domains. The SH4 domain is involved in the membrane
localization of c-Src, which is myristoylated on Gly2. The U domain is likely to have
structural implications on the N-terminus of the protein (24). The SH3 domain is
important for substrate binding. The SH2 domain is involved in interaction with Tyr
phosphorylated substrates. The kinase domain is required for substrate
phosphorylation as well as for the autophosphorylation of Tyr419, which leads to
the full activation of the kinase. The C-terminal regulatory domain contains Tyr530,
which can be phosphorylated by the C-terminal Src kinase (Csk), leading to a
conformational change that maintains the kinase in an inactive state. In this
inactive conformation, the linker connecting the SH2 and SH1 domains interacts
with the SH3 domain, while the phosphorylated Tyr530 binds to the SH2 domain.
This closed conformation keeps the SH3 domain masked, thus not allowing
substrates to bind to c-Src. Therefore, phosphorylation of these two key Tyr

residues (Tyr 419 and Tyr 530) is essential for regulating c-Src activity (Fig. 4).
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There are many intracellular signaling pathways that are dependent on c-Src
activity (Fig. 4). As an outcome, c-Src-dependent signaling pathways regulate
many cellular processes including survival, angiogenesis, proliferation, motility,
migration, and invasion. The membrane localization of c-Src is essential to initiate
the signaling cascade events. In the membrane, c-Src phosphorylates receptor
tyrosine kinases (RTKs), promoting binding of secondary messengers.
Localization of c-Src has always thought to be exclusively intracellular. However,
we and others have recently found that the c-Src kinase is released to the
extracellular space in different mammalian cells. Previous to these findings c-Src

was also reported in exosomes, which are released to the extracellular space (25).

N

‘ Autophosphorylation

Dephosphorylation
of Y530 (PTPases)

of Y419

Inactive Phosphorylation
c-Src of Y530 (Csk)

Figure 4. c-Src activation. The main conformational changes of the c-Src domains from the
inactive to the active form and vice versa are shown. Phosphatases such as protein tyrosine
phosphatase 1B (PTP1B) dephosphorylate c-Src on Y530, thus leading opening of the
conformation. Autophosphorylation of Y419 is necessary for the full activation of the kinase.
Phosphorylation of Y530 by C-terminal Src kinase (Csk) leads to a conformational change where
c-Src is unable to interact with its substrates.
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2. Previous work that led to this project

Previous work generated by colleagues in the lab is described in this section. My
project, described in Chapters Ill and 1V, is based on these previous data.
Combined, our results in this section and in the following chapters have been
recently published (26). All researchers who contributed to these experiments have

been acknowledged in our paper (26).

Phosphorylation of MMPs or TIMPs has never been reported to be essential for
the interaction between members of those protein families. Previous work has
shown evidence regarding phosphorylation of MMP-2 and MT1-MMP (27-30).
Additional evidence from mass-spectrometry analyses supports the fact that
MMPs and TIMPs can be phosphorylated and specifically, that TIMP-2 is tyrosine
phosphorylated on Tyr 62 (31). Therefore, we decided to explore TIMP-2 tyrosine
phosphorylation and characterize this PTM in vivo. TIMP-2 contains a total of
seven tyrosine residues, five of them located at the N-terminal domain, and two of

them at the C-terminal domain (Fig. 5A). First of all, we decided to mutate all seven

A Human TYROSINE RESIDUES
TIMP-2 Fan o & M
Q
N S e A S
D C A
1 27 154 220
B Extracts Pulldown Ni-NTA
Vec WT | Y62F Y71F Y90F Y110F Y148F Y165F Y204F kDa
g anti-His e em— e oGS SR s D
E phos-Tyr D | e— D — - G C— -~ e ~ 2D

Figure 5. A) Human TIMP-2 linear domain structure. TIMP-2 tyrosine residues (Y) (black) are
shown. Numbering is based on the full-length protein sequence (aa 1-220). Red line below domains
N and C indicates secreted mature protein. SP, signal peptide; N, N-terminus; C, C-terminus. B)
TIMP-2 His6-tagged wild type (WT) and mutants were transiently expressed in HEK293H cells,
pulled down from cell extracts (C) or CM (D) and immunoblotted as indicated. Vec. vector control.
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Tyr residues on TIMP-2 to a non-phosphorylatable phenylalanine (Phe, F) residue
(Fig. 5B). These C-terminal Hise-tagged TIMP-2 mutants were overexpressed in
human embryonic kidney 293H (HEK293H) cells and pulled down from cell-
conditioned media (CM). Based on the decreased band intensity in the non-
phosphorylatable mutants (Y62F, YO90F, and Y165F) compared to WT TIMP-2, we
found that TIMP-2 is tyrosine phosphorylated on Tyr 62, confirming previous
findings (31), and, surprisingly, we found two more phosphorylated tyrosine
residues (Tyr 90 and Tyr 165) (Fig. 5B). To confirm these findings, we generated
a TIMP-2 construct where the three phosphorylated Tyr where mutated to the non-
phosphorylatable Phe (Tyr 62/90/165 Phe), which is referred to as triple F (TF).
When the TF TIMP-2 mutant was overexpressed and pulled down from HEK293
CM, we did not detect any levels of phosphorylation, thus confirming that TIMP-2

is phosphorylated on Tyr 62, 90, and 165 (Fig. 6).

CM Pulldown Ni-NTA
WT Y62F YOOF Y165F TF kDa
- -2

anti-His °
o Exposure
o B 25
= Short
i | phos-Tyr i

25 Long

Figure 6. TIMP-2 phosphorylation on Y62, Y90, and Y165. TIMP-2 Hise-tagged wild type (WT),
Vector control (Vec), single non-phosphorylatable mutants (Y62F, Y90F, Y165F), and triple non-
phosphorylatable (Y62/90/165F, TF) mutant were transiently expressed in HEK293H cells and
pulled down from cell-conditioned media (CM), and immunoblotted with indicated antibodies to
assess phosphorylation.

To determine the tyrosine kinase responsible for TIMP-2 phosphorylation, the
TIMP-2 amino acid sequence was analyzed in order to find specific substrate
recognition motifs for tyrosine kinases. The presence of an isoleucine () in position

n — 1 of Y62 and Y90, and n + 1 of Y165, suggested c-Abl and c-Src as potential
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kinases (32,33). To determine which of the two kinases was responsible, an in vitro
kinase assay was performed by incubating each of the kinases with purified
recombinant TIMP-2-Hiss (34) in the presence of ATP (Fig. 7). The c-Src tyrosine

kinase was identified as the responsible tyrosine kinase of TIMP-2 phosphorylation

(Fig. 7).
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Kinases _ _ _ + _
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Figure 7. c-Src phosphorylates TIMP-2 in vitro. Recombinant rTIMP-2-His6 was used as the
substrate in an in vitro kinase assay in the presence of full-length c-Src, v-Src or c-Abl tyrosine
kinases. Following pulldown, immunoblotting was performed to assess tyrosine phosphorylation
using phos-Tyr, 4G10 antibody.

Strikingly, c-Src, a kinase known to function inside the cell, was shown to be

secreted in the conditioned media (CM) of cells (Fig. 8). Overall, our data indicate
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Figure 8. c-Src secretion from different cell lines. Conditioned media (CM) and cell extracts
were collected from the following cell lines: mouse TIMP-2-/- ras/myc, immortalized (HEK293H and
normal prostate epithelial RWPE1) or tumorigenic derivative RWPE2, human fibrosarcoma
HT1080, human breast cancer MCF7, human lung cancer A549 and H460, human prostate tumor
cell lines LNCaP, DU145 and PC3. GAPDH indicates equal cellular (extracts) protein content.

22



that, since we detect TIMP-2 phosphorylation in the CM and the kinase responsible
for this phosphorylation, c-Src, is released by cells, this PTM is more likely to
happen in the extracellular space. Interestingly, phosphorylation of TIMP-2 was
also detected in cell extracts (Fig. 5B), thus it is important to determine if TIMP-2

phosphorylation takes place before, during, or after secretion.

We next studied the importance of phosphorylation of individual TIMP-2 residues
towards its interaction with proMMP-2. The three tyrosine residues were mutated
to the non-phosphorylatable phenylalanine (F) and phosphomimetic glutamic acid
(E) amino acids. WT, non-phosphorylatable Y62/165F, non-phosphorylatable
Y90F, and phosphomimetic YOOE TIMP-2-Hises were pulled down from HEK293
CM to assess interaction with proMMP-2 (Fig. 9). Only the non-phosphorylatable
Y90F was unable to interact with proMMP-2, thus confirming that Y90

phosphorylation is essential for TIMP-2:proMMP-2 complex formation (Fig. 9).

CM Y62F
Vec WT Y165F Y90E Y90F kDa
Lo -25 Pulldown
(TIMP-2) anti-His S . —— e—— Ni-NTA
72 kDa MMP-2
Exposure: Short — — — -70
Long Co-Pulldown
- — o cEES -70
72 kDa MMP-2 v = =™ = | |-70 Input

Figure 9. proMMP-2 and TIMP-2 Y90F do not interact in HT1080 cell CM. TIMP-2-Hise proteins
were transiently transfected in HT1080 cells following by pulldown from CM for proMMP-2 co-
pulldown to assess protein interaction.
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To determine the importance of extracellular c-Src on TIMP-2:proMMP-2 complex
formation, we aimed to block the extracellular kinase using monoclonal antibodies
(mADbs) targeting different domains of the protein. Pre-treatment with an anti-c-Src
mADb targeting amino acids 1-110 (mAb5) inhibited TIMP-2 phosphorylation and
TIMP-2 interaction with proMMP-2 (Fig. 10). Interestingly, the anti-c-Src mADb6,
which targets the first 79 amino acids, did not inhibit TIMP-2 phosphorylation or
interaction with TIMP-2 and proMMP-2 (Fig. 10). These results suggest that the c-
Src sequence located between amino acids 80-110 is essential to allow TIMP-2

phosphorylation and, therefore, promote TIMP-2:proMMP-2 complex formation.
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Figure 10. Anti-c-Src mADb6 (aa 1-79) does not inhibit TIMP-2 phosphorylation and MMP-2
complex formation. HT1080 cells were serum starved followed by addition of anti-c-Src
monoclonal antibodies mAb5 or mAb6 for 1 hour and rTIMP-2-His6 for two hours. Schematic c-Src
domains targeted by each antibody are shown at the top right. Mouse IgG corresponds to the

isotype control treatment. Endogenous proMMP-2 is detected in the CM (Inputs).Pulldown and co-
pulldown were followed by immunoblotting. mAb5 was added as a positive control for inhibition.

Finally, to determine if TIMP-2 phosphorylation is also essential to promote
proMMP-2 activation, we performed gelatin zymography by addition of increasing

concentrations of WT, Y62/165F, YO9OE, and Y90F purified TIMP-2 proteins. As
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expected, low amounts of TIMP-2 mediate the activation of proMMP-2, while high
amounts inhibit the activation process. Strikingly, the non-phosphorylatable YO0F
TIMP-2 mutant did not activate the latent form of MMP-2 (Fig. 11). Therefore, it
can be concluded that TIMP-2 Y90 phosphorylation is necessary for interaction
with proMMP-2 in order to promote its cellular activation (Fig. 9, Fig. 11).

TIMP-2 amount Low High
x10 ng/ml

MMP-2
pro-

72 kDa
Intermediate
64 kDa

Fully active
62 kDa

Activation Inhibition

Figure 11. TIMP-2 Y90F does not promote activation of proMMP-2. HEK293H-purified TIMP-2
WT and indicated mutant proteins were added at different concentrations in the CM of HT1080
cells. Media were collected and analyzed by gelatin zymography. MMP-2 forms shown include the
72 kDa proMMP-2, 64 kDa intermediate form and 62 kDa fully active form. Reduction of the 72 kDa
and increase of 64 kDa and 62 kDa indicate proMMP-2 activation.
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3. Hypothesis

Based on the preliminary data, one may think that, since TIMP-2 phosphorylation
by c-Src can be detected in cell extracts, this post-translational modification (PTM)
is likely to happen during the secretion of the two proteins. However, the detection
of phosphorylated TIMP-2 in cell extracts may be due to TIMP-2 association to the
outer surface of the plasma membrane. Moreover, the use of mAbs to block the
secreted kinase did inhibit phosphorylation of the exogenously added recTIMP-2-
Hiss, indicating that this PTM can happen in the extracellular space. Therefore, we

hypothesize that:

A) c-Src-mediated TIMP-2 phosphorylation occurs after secretion of the

two proteins.

Also, it is well known that TIMP-2 is an essential facilitator of proMMP-2 activation.
Binding between TIMP-2 and proMMP-2 is required for allowing the membrane-
associated proMMP-2 activation. TIMP-2 phosphorylation seems to be the signal
for interacting with proMMP-2, and this phosphorylation is prevented if mAbs
targeting specific regions of secreted c-Src are used. Therefore, we also

hypothesize that:

B) Extracellular c-Src sequence 84-100 amino acids is critical for TIMP-
2 phosphorylation in the extracellular space, therefore facilitating
TIMP-2:proMMP-2 complex formation and, consequently, proMMP-2

full activation.
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CHAPTERII

4. Materials and Methods

4.1. Cell culture, primers, plasmids, transfection and antibodies

Cell lines were purchased from ATCC and cultured at low passages. No
authentication method was used. Experiments were performed in cell cultures
maintained up to one month before they were renewed. Cell lines had been tested
for mycoplasma contamination at the early stages of the experiments. All cultures
were analyzed when cells reached up to 70% confluency. HEK293H, SYF, SYF+c-
Src, HT1080, MCF7, MEF TIMP-2 - ras/myc, A549 were cultured in DMEM
supplemented with 10% fetal bovine serum (FBS) (Invitrogen). RWPE1 and
RWPE2 were cultured in Keratinocyte Serum Free Medium (K-SFM)
supplemented with 2% FBS (Invitrogen). LNCaP, DU145, PC3 and H460 were
cultured in RPMI supplemented with 10% FBS. MEF TIMP-2 - ras/myc was
obtained from Dr. Soloway(35). WT TIMP-2 and mutants contained a six-Histidine
(Hiss) tag at their carboxyl-terminus. HEK293H cells (293H) were cultured
overnight. The next day they were transfected using TransiT-2020 Reagent (Mirus,
#MIR5405) with 2ug plasmid DNA by manufacturer's protocol. For conditioned
media (CM) collection, culture media were replaced with serum free media for an
additional 24 hours. Media collected for analysis (see below). The following
antibodies were used in this study: anti-pan-phosphotyrosine (4G10) (Millipore,
#05-1050), anti-6x-His (ThermoFisher Scientific, #MA1-21315), anti-TIMP-2 (Cell
Signaling, #5738 and Abcam, ab3161), anti-MMP-2 antibodies (Cell Signaling,

#13132 and Millipore, #MAB3308), anti-MMP-9 (Cell Signaling, #3852), anti-
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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 1IgG-HRP (Santa Cruz Biotechnology Inc., #sc-

2004). Anti-c-Src antibodies for blocking experiments: rabbit anti-Src mAb1 (32G6,

biotinylated) (Cell Signaling, #8077), rabbit (DA1E mAb IgG XP™ |sotype control,

biotinylated) (Cell Signaling, #4096). Antibody dilution for each assay is provided

in Table 3. Buffer composition is shown in Table 4.

Table 3. Antibody list including source and dilution.

(D23H3)

Dilutions
Antibod C Cat Numb
ntibody ompany at Number used
pan-phosphotyrosine - ] _
(4G10) Millipore #05-1050 1:1,000
. Thermo Fisher 1:2,000 -
Gx-his Scientific AMAL-21315 11 .50,000
. . 1:1,000 -
TIMP-2 (D18B7) Cell Signaling #5738 1:5.000
TIMP-2 (T2-101) Abcam #ab3161 1:1,000
. . 1:1,000 -
MMP-2 (D8N9Y) Cell Signaling #13132 1:2.000
- 1:1,000 -
MMP-2 Millipore #MAB3308 1:4,000
MMP-9 Cell Signaling #3852 1:1000
. . #ADI-CSA- 1:10,000 -
GAPDH Enzo Life Sciences 335.E 1:20.000
. . 1:1,000 -
c-Src (36D10) Cell Signaling #2109 1-4.000
c-Src (L4A1) Cell Signaling #2110 1:1,000
c-Src (32G6) Cell Signaling #2123 1:1,000
c-Src R&D Systems MAB3389 1:1,000
Phospho-Src Family . . )
(Tyra16) Cell Signaling #2101 1:1,000
Phospho-Src (Tyr527) | Cell Signaling #2105 1:1,000
\GF-I Receptor f Cell Signaling #9750 1:6,000
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Anti-Calnexin Abcam #ab22595 1:10,000
goat anti-mouse 1gG- Santa Cruz _
HRP Biotechnology #5¢-2005 1:4,000
goat anti-rabbit 1gG- Santa Cruz _
HRP Biotechnology #sc-2004 1:4,000
Table 4. Buffer composition.
Buffer Composition

0.1% or 1% NP40 (IGEPAL), 1 mM MgClz, 100
mM NaCl, 20 mM Tris pH 7.4, 20 nM sodium
molybdate, 1 PhosSTOP tablet, 1 protease
inhibitor tablet

2.429g Trizma, 8g NaCl, 1.3 mL HCI, 1 mL
Tween, 1 L dH20

1.25 mL Tris pH 6.8 1M, 1mL Glycerol, 1mL
Protein loading buffer 20% SDS, 215ul Bromophenol blue, 500yl
Beta-mercaptoethanol, 6mL dH20

50 mM Tris pH 7.4, 10 mM CacCl2, 150 mM
NacCl, 0.05% Brij-35 pH 7.5

NP40 Lysis buffer

TBS-T

TIMP-2 Reconstitution buffer

4.2. Immunoblotting

Conditioned media were obtained 24 hours after serum starvation and treatments.
Cell media were 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
min. Protein concentrations 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),
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and electrophoresis was performed in denaturing conditions. After transfer to
nitrocellulose membranes (Bio-Rad), samples were blocked in TBST (TBS + 0.1%
Tweenx20) with 5% non-fat dry milk and incubated with primary antibodies at room
temperature for 1-2 hours or at 4°C overnight (Table 3 for antibody dilutions). 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).

4.3. Pulldown Ni-NTA and Immunoprecipitation

Following transient transfections, equal amounts of isolated cell extract proteins
were incubated with HisPur Ni-NTA Resin (ThermoScientific) for 2 hours at 4°C.
Immunopellets were washed 4 times with fresh lysis buffer (20 mM HEPES pH 7.0,
100 mM NaCl, 1 mM MgClz, 0.1% NP40, protease inhibitor cocktail (Roche) and
PhosSTOP (Roche). Proteins bound to Ni-NTA agarose were washed with 50 mM
imidazole in lysis buffer (20 mM Tris-HCI pH 7.5, 100 mM NaCl, protease inhibitor
cocktail and PhosSTOP) and eluted with either 300 mM imidazole in lysis buffer or

with 5x Laemmli buffer.

Pulldowns were also performed from CM concentrated ~10X using Amicon Ultra
10K centrifugal filters (Millipore) according to the manufacturer’s protocol. HisPur
Ni-NTA Resin was used to pulldown Hiss-tagged TIMP-2 from concentrated CM.
Briefly, HisPur Ni-NTA Resin was washed 3 times by vortexing resin with 0.1%
NP40 lysis buffer and pipetting off supernatant. Concentrated CM was combined

with washed HisPur Ni-NTA Resin, and placed on rotator at 4°C for 1 hour. Wash
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step was repeated 4 times with 1% NP40 buffer + 150 mM NaCl + 50 mM imidazole
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. Precipitated and co-precipitated proteins were detected by

immunoblotting with indicated antibodies (Table 3).

Immunoprecipitation (IP) of endogenous TIMP-2 was performed by incubating CM
with TIMP-2 antibody (T2-101) (or IgG control), followed by protein G agarose for
2 hours at 4°C. Immunoprecipitates were washed four times with fresh lysis buffer
(20mM HEPES pH 7.0, 10 mM NaCl, 1 mM MgCl2, 0.1% NP40, plus protease and
phoSTOP inhibitors) and eluted with 5 x Laemmli buffer. Precipitated proteins were
separated by SDS-PAGE and transferred to nitrocellulose membrane for
immunoblotting. Protein inputs were detected using anti-HIs or anti-TIMP-2
specific antibodies. Co-immunoprecipitated proteins were also incubated with

specific antibodies (Table 3).

4.4. Cell Fractionation

HT1080 cells were serum starved overnight and both cell extracts and CM were
collected. The subcellular protein fractionation kit for cultured cells (Thermo
Scientific) was used to fractionate total cell lysate. Total cell lysate, cytoplasmic
fraction, and membrane (containing plasma, endoplasmic reticulum, and Golgi
membranes) fraction were used to analyze protein expression (see

Immunoblotting).Antibodies were used as controls for each fraction (Table 3)
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4.5. Brefeldin A Treatment

HEK293H cells were seeded overnight. Cells were transiently transfected, as
described above, with empty vector control or wild-type TIMP-2-Hise DNA. After
18-20 hours, brefeldin A (BFA) (eBioscience Inc. San Diego, CA; REF: 00-4506-
51, LOT: E00021-1633) was added to the serum free media (1:1000 dilution) for a
period of 12 hours, to inhibit the ER-Golgi secretion pathway. DMSO was used as
a control in the non-treated cells. Both cell extracts and CM were collected for
analysis (see Immunoblotting and pulldown experiments). Pulldowns were

performed to assess TIMP-2 tyrosine phosphorylation.

4.6. TIMP-2 and anti-c-Src antibody treatments

For experiments related to exogenous TIMP-2 treatment and determination of
extra- or intracellular phosphorylation, H1080 cells were seeded overnight,
followed by serum starvation for 24 hours. Recombinant TIMP-2-Hiss (34) was
exogenously added for 2, 8 and 16 hours at a concentration of 250 ng/ml. Both
lysates and CM were collected for immunoblot analyses. Pulldowns Ni-NTA were

performed as described above to detect tyrosine phosphorylation.

For the anti-Src blocking experiments in extra- intracellular phosphorylation, serum
starved HT1080 cells were treated with anti-Src mAbs or custom pAb or isotype

IgG controls for 1 hour followed by addition of TIMP-2 at 250 ng/ml for 8 hours.

For proMMP-2 activation and gelatin zymography experiments, HT1080 cells were
seeded in a 96-well plate (20,000 cells per well in 100 pl) for 24 hours. Media were

replaced with serum free media for 24 hours followed by treatments with 1 pg/ml
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of anti-c-Src antibodies for 1 hour followed by treatment with HEK293H-derived
purified wild type TIMP-2-Hise protein (40 ng/ml) for another 24 hours. Conditioned
media was collected for gelatin zymography to detect gelatinase activity. This
experiment was performed three times using WT TIMP-2 from the same
preparation and twice using TIMP-2 protein from different preparations. Media

collected and analyzed as described (see Gelatin zymography).

4.7. Gelatin Zymography

Gelatinase activity in CM was detected by gelatin zymography(36). HT1080 cell
cultures in 24-hour serum-free media were treated with different concentrations of
purified TIMP-2 (wild type or mutants) for another 18 hours. Equal amounts of CM
from HT1080 cells with and without treatments were subjected to electrophoresis
using 8% acrylamide gels containing 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, Invitrogen), and
then transferred to fresh zymogram developing buffer for overnight incubation at
37°C. Gels were then stained with Coomassie Brilliant Blue R-250 (Bio-Rad) and
briefly destained in 10% acetic acid, 40% methanol and distilled water. They were
imaged using an Epson Perfection V700 scanner. Gelatinase activity was detected
as transparent bands on a dark background. Recombinant human proMMP-2 was
run alongside CM as a control to confirm the identity of MMP-2 in the samples. At
least two independent proMMP-2 activation experiments were performed using

proteins prepared from different purifications for treatment.
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CHAPTER 111

5. Results

5.1. Extracellular phosphorylation of TIMP-2 by secreted c-Src

5.1.1. Cell compartment where TIMP-2 phosphorylation by c-Src occurs

Since TIMP-2 phosphorylation was detected in cell extracts (Fig. 5B), it is possible
that c-Src phosphorylates TIMP-2 during TIMP-2 secretion. First of all, in order to
determine if TIMP-2 and c-Src colocalize in the same cellular compartment, a cell
fractionation experiment was performed. Expression of TIMP-2 and c-Src was
determined in the cytoplasmic and membrane fractions (Fig. 12). Our data suggest

that TIMP-2 does not localize to the cytoplasm, while both c-Src and TIMP-2

T Cp M
-25
TIMP-2 \
C-SIC w— e
GAPDH -35
IGF-1R - —
T = Total cell lysate
Calnexin — "95 Cp = Cytoplasmic Extract
M = Membrane Extract

Figure 12. Localization of TIMP-2 and c-Src in HT1080 cell fractions. Cell lysates were
fractionated in cytoplasmic and membrane (plasma + ER + Golgi membranes) extracts. TIMP-2
and c-Src inputs are shown. Cytoplasm (GAPDH), plasma membrane (IGF-1R), and ER
(calnexin) controls are shown.

colocalize in the membrane fraction. Therefore, TIMP-2 may encounter c-Src
during its path to the extracellular space, thus facilitating intracellular

phosphorylation. However, the membrane fraction obtained through this

fractionation experiment contains the plasma membrane as well as the ER and

34



Golgi membranes, thus it is not possible to confirm that c-Src and TIMP-2 meet
within the ER-Golgi secretory pathway. Therefore, we decided to explore secretion
of c-Src and TIMP-2 through the ER-Golgi secretory pathway (37). TIMPs and
MMPs are secreted through the ER-Golgi pathway, however, localization of the c-
Src tyrosine kinase within this pathway has not been reported. Here, we used
brefeldin A, a drug that blocks protein trafficking from the ER to the Golgi

apparatus, to analyze c-Src secretion (Fig. 13). As expected, TIMP-2 was no

Cell extracts CM
lVec WT Vec WT IlVec WT Vec WT|
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Figure 13. TIMP-2 is not secreted nor phosphorylated in brefeldin A-treated cells. HEK293
cells were treated with brefeldin A. TIMP-2-His6 was pulled down from cell extracts and CM.
Phosphorylation was addressed using a pan-phos antibody. Inputs for TIMP-2-His6, c-Src, and
GAPDH are shown.

longer detected in the CM and accumulated in cell extracts after a 12-hour
brefeldin A treatment. Interestingly, secretion of c-Src was not affected by the drug,
thus indicating that this kinase is not secreted via the ER-Golgi pathway. Moreover,
we aimed to determine TIMP-2 phosphorylation status in brefeldin A-treated cell
extracts to show if this PTM can happen prior to secretion. As it was previously
shown by Hiss pulldown (Fig. 5 and 6), phosphorylated TIMP-2 was detected in
both cell extracts and CM of untreated cells, however, intracellular TIMP-2 was not
phosphorylated in samples treated with brefeldin A (Fig. 13). Therefore, TIMP-2
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trafficking after the ER is required for the protein to be phosphorylated by c-Src.
These results suggest that TIMP-2 phosphorylation could happen when the protein
is transported from the Golgi to the plasma membrane or after secretion in the

extracellular space.

Since TIMP-2 phosphorylation may occur outside the cell, we decided to add
recombinant TIMP-2-Hise (rTIMP-Hise) protein (34) in the CM of HT1080
fibrosarcoma cells and study its phosphorylation status. After allowing c-Src to be
secreted, rTIMP-2-Hiss, which is not phosphorylated as shown previously in vitro
(Fig. 7), was exogenously added to the CM of HT1080 cells. After 2 and 8 hours,
both cell extracts and CM were collected for determination of cell-associated as
well as free recTIMP-2-Hiss phosphorylation (Fig. 14). Phosphorylated TIMP-2
was detected in both cell extracts and CM, thus indicating that TIMP-2 can be
phosphorylated in the extracellular space and/or in the ecto-surface of the cellular

membrane (Fig. 14). To prevent this extracellular phosphorylation, we pretreated

HT1080
Cell extracts CM
I _ + + i _ + + |
] hours
rTIMP-2-His, 8 2 8 8 2 8 kDa
A -25
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Figure 14. Exogenously added TIMP-2 is phosphorylated in HT1080 cell extracts and CM.
HT1080 cells were serum starved for 24 hours and then treated with recombinant TIMP-2-Hise for
2 hours and 8 hours. Cell extracts and CM were collected for immunoblotting and pulldown Ni-NTA
analyses to determine phosphorylation of TIMP-2.
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HT1080 cells with a commercially available anti-c-Src mAb (mAb1l) to block the
secreted kinase (Fig. 15). This approach resulted in no detection of
phosphorylated TIMP-2 in the CM and, most importantly, in cell extracts.
Therefore, since blocking e-Src leads to no phosphorylation of cell-associated or

free TIMP-2, it can be concluded that e-Src-mediated TIMP-2 phosphorylation.
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Figure 15. Exogenously added TIMP-2 is not phosphorylated in cell extracts nor CM if e-Src
is blocked. Anti-c-Src monoclonal antibody (mAb1l) or Rabbit IgG control were added in the CM
for 1 hour prior to addition of recombinant TIMP-2-Hiss (rTIMP-Hiss) for 8 hours. Cell extracts and
CM were collected for analyses as in Fig. 14. GAPDH was analyzed for equal loading in all blots.

5.1.2. Extracellular c-Src activity

Although we have shown that c-Src can be secreted outside the cell, it is unknown
if the secreted kinase is active. The activity of c-Src depends on the conformation
of the protein (open active conformation versus closed inactive conformation) (Fig.
4). Since TIMP-2 phosphorylation is detected extracellularly, e-Src should be
active to mediate this extracellular PTM. To determine e-Src activity, WT c-Src was
expressed in HEK293 cells and CM was collected to detect phosphorylation of c-

Src Y419. Secreted WT c-Src is phosphorylated on Y419 and Y530, indicating that
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the secreted kinase can be both active and inactive in the extracellular space,

although the phosphorylation levels are lower than intracellular WT c-Src (Fig. 16).

Cell Extracts CM Inactive c-Src Active c-Src

l SH2
ms

& O &
NN
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Y419 ’ -55
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Figure 16. Intracellular and extracellular WT c-Src activity. WT c-Src was transfected in
HEK?293 cells. Cell extracts and CM were analyzed for phosphorylated c-Src residues, Y419 and
Y530. Inputs for c-Src and GAPDH as a loading control are shown. On the right, the schematic
shows the phos-Tyr-dependent conformational changes of c-Src.

c-Src - = oo

5.2. Extracellular c-Src-mediated TIMP-2 phosphorylation regulates
proMMP-2:TIMP-2 complex formation and proMMP-2 activation
5.2.1. TIMP-2 phosphorylation by e-Src is required for proMMP-2:TIMP-2

interaction

Interaction between TIMP-2 and MMP-2 has been thoroughly studied for decades.
The latent form of MMP-2 (proMMP-2) interaction with TIMP-2 promotes
membrane-mediated proMMP-2 activation. We have shown that the non-
phosphorylatable YOOF TIMP-2 mutant does not interact with proMMP-2 (Fig. 9).
To demonstrate that c-Src plays a critical role in TIMP-2:proMMP-2 interaction, we
studied the endogenous interaction between TIMP-2 and proMMP-2 in the

presence and absence of c-Src. We performed an Ni-NTA (His) pulldown of
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endogenous TIMP-2 and proMMP-2 from CM of SYF cells, that are depleted of
Src, Yes, and Fyn, and SYF+c-Src cells, same as SYF cells but with c-Src
reintroduced. In SYF+c-Src cells, where c-Src is expressed and secreted in the
CM, TIMP-2 interacts with proMMP-2 (Fig. 17). However, in SYF cells, where c-
Src is not expressed, endogenous TIMP-2 does not interact with proMMP-2 (Fig.
17). Therefore, this result confirms that c-Src is essential for TIMP-2 to interact

with proMMP-2.
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Figure 17. Endogenous TIMP-2 interacts with proMMP-2 only in the presence of e-Src. SYF
and SYF+c-Src cells were serum starved for 18 hours. Immunoprecipitation of endogenous TIMP-
2 (IP) from the cell CM was followed by co-immunoprecipitation (co-IP) of 72kDa proMMP-2 to
determine interaction.

Previous data from our lab showed that blocking e-Src with anti-c-Src mAbs
targeting amino acids 1-110 inhibit TIMP-2 phosphorylation and interaction with
proMMP-2, while mAb6 that targets the first 79 amino acids does not (Fig. 10). We
therefore hypothesized that an anti-c-Src antibody recognizing the sequence
located between amino acids 79 and 110 would have the same effect than the

commercially available mAb5 (aa 1-110). Since this region includes mostly the

SH3 domain, we generated a custom-made anti-c-Src rabbit pAb targeting amino
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acids 84-110 (Fig. 18A). To show that this custom-made anti-c-Src pAb does
inhibit TIMP-2 phosphorylation and TIMP-2:proMMP-2 complex formation, we
pretreated HT1080 cells with this pAb to block the extracellular kinase. TIMP-2
from anti-c-Src pAb-treated CM was not phosphorylated and, consequently, was
not bound to proMMP-2 (Fig. 18B). Therefore, this c-Src 26 amino acid epitope

(84-110) is essential for mediating TIMP-2 phosphorylation.
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Figure 18. Blocking the 84-110 c-Src epitope inhibits TIMP-2 phosphorylation and interaction
with proMMP-2. A) Epitope targeted by the custom rabbit polyclonal antibody is shown in green.
mADb1 (used in Fig. 15); mADb3 (used in Fig. 18C); mAb5 and 6 (used in Fig. 10). B) HT1080 cells
were pretreated with 1pg/ml of custom rabbit pAb (aa 84-110), or IgG control, followed by rTIMP-
2-Hiss at 50ng/ml.
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5.2.2. proMMP-2 activation depends on TIMP-2 phosphorylation status

The uniqueness of TIMP-2 is that it has a dual role in regards to MMP-2 because
it inhibits active MMP-2 and also promotes activation of the inactive enzyme
(proMMP-2). It has already been shown that low amounts of TIMP-2 promote
activation of proMMP-2 and high amounts inhibit this process. Additionally, our lab
showed that the non-phosphorylatable YOOF TIMP-2 does not bind to proMMP-2
(Fig. 9) and also does not promote proMMP-2 activation (Fig. 11). First, we
confirmed that TIMP-2 Y90 phosphorylation is required for the full activation of
proMMP-2. Specifically, we added different amounts of purified WT or YO0F TIMP-
2 to serum-starved HT1080 media. The CM was collected to perform gelatin
zymography. The results confirmed that WT TIMP-2 promotes activation of
proMMP-2, while YOOF TIMP-2 does not (Fig. 19). To determine if c-Src is directly
involved in the process of proMMP-2 activation, we pre-treated HT1080 cells with

increasing concentrations of the custom-made anti-c-Src pAb, following addition

TIMP-2 amount Low High
x10 ng/ml 12 16 32

B pro
(72 kDa)
Intermediate
MMP-2 G (64 kDa) }

Fully active __|
G (62 kDa)
Figure 19. TIMP-2 Y90F does not promote full activation of proMMP-2 (replication of Fig. 11).
TIMP-2 WT and mutants (purified from transfected HEK293H cell CM) were added at different
concentrations (10-320ng/ml) in the CM of HT1080 cells. Media were analyzed by gelatin
zymography. Different forms of MMP-2 include the 72 kDa proMMP-2, 64 kDa intermediate form

and 62 kDa fully active form. Reduction of the proform and increase of intermediate and fully active
forms indicate proMMP-2 activation.

Y90F

Activation Inhibition
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of purified WT TIMP-2. The amount of WT TIMP-2 added to the CM is the highest
amount that fully activates MMP-2 without inhibiting the process. Gelatin
zymography was performed to study the effect of blocking extracellular c-Src on
proMMP-2 activation. In the absence, of the anti-c-Src pAb, WT TIMP-2 fully
activated proMMP-2 (Fig. 20A). However, the activation of proMMP-2 was
significantly reduced with increasing concentrations of the anti-c-Src pAb (Fig.
20A). Same results were obtained in the absence of exogenously-added TIMP-2,
where endogenous TIMP-2 slightly activates proMMP-2 and the addition of anti-c-
Src pAb blocks this activation (Fig. 20A). Preliminary results showed that the anti-
c-Src mADb6 did not prevent TIMP-2 phosphorylation nor prevented TIMP-2 from
interacting with proMMP-2 (Fig. 10). However, it is possible that a segment of the
N-terminal domain of c-Src is cleaved during secretion and thus, the anti-c-Src
mADb6 would not detect the extracellular kinase. To confirm that the lack of effect
of the anti-c-Src mAb6 towards proMMP-2 activation is not due to the absence of
the target epitope, we used mAb6 to detect e-Src in the CM and showed that e-
Src is detectable with this antibody (Fig. 20B). Therefore, we examined the effect
of the anti-c-Src mAb6 on proMMP-2 activation in the presence of purified WT
TIMP-2. HT1080 was treated as previously described and collected to perform
gelatin zymography. Full activation of proMMP-2 mediated by WT TIMP-2 was not
affected by the anti-c-Src mAb6 pretreatment (Fig. 20C). The custom-made anti-
c-Src pAb was used as a positive control (Fig. 20C). Overall, these data suggest
that the c-Src epitope located between amino acids 84 and 110 is essential to

attain full activation of proMMP-2 in cells.
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Figure 20. Blocking extracellular c-Src reduces proMMP-2 full activation. A) One hour
treatment with increasing concentrations of anti-c-Src pAb (targeting amino acids 84-110) is shown.
Wild type (WT) TIMP-2-Hises was purified from HEK293 cells and added at 40ng/ml in the CM of
HT1080 cells for 18 hours. Media were collected and immediately analyzed by gelatin zymography.
Different forms of MMP-2 include the 72 kDa proMMP-2, the 64 kDa intermediate form and the 62
kDa fully active form. Increase of the intermediate form and appearance of the fully active form
indicate activation. Addition of pAb (aa 84-110) prevents full activation. B) Both mAb3 and mAb6
detect c-Src protein collected from HEK293H cell extracts and CM as determined by western
blotting. C) mAb6 (targeting amino acids 1-79) does not inhibit proMMP-2 activation. Experiments
performed as described in (A). pAb (aa 84-110) is used as the positive control for inhibition.
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CHAPTER IV

6. Discussion

Protein phosphorylation is an essential PTM that regulates binding of intracellular
proteins (38). The notion that secreted proteins are also phosphorylated is well
accepted (18,19). However, the compartment where this phosphorylation event
takes place is still controversial since it is argued that the extracellular environment
does not provide enough requirements for this PTM to happen (39,40). Here, we
have shown that the non-receptor Tyr kinase c-Src, which is secreted in the

extracellular space, phosphorylates TIMP-2 extracellularly (Fig. 21). Although it is

Extracellular
a-c-Src

'T‘Blndlng Activation

Y90 p) —>

Y165
A\ Active
MMP-2
ﬁ 3‘)' YIYYY
ER-Golgi
Unknown
Pathway Pathway

E @ proMMP-2

Figure 21. Overall model extracellular c-Src-mediated TIMP-2
phosphorylation and its effect on proMMP-2 full activation. TIMP-2 and
proMMP-2 are secreted through the ER-Golgi pathway. c-Src is secreted through
an unconventional pathway. TIMP-2 is phosphorylated on three Tyr residues by
extracellular e-Src (e-Src). TIMP-2 Y90 phosphorylation allows binding to
proMMP-2, which is activated to fully active MMP-2. Anti-c-Src pAbs prevent TIMP-
2 phosphorylation, TIMP-2:proMMP-2 interaction, and proMMP-2 full activation.

Intracellular
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not clear if TIMP-2 phosphorylation happens when c-Src and TIMP-2 are free in
the media or bound to the membrane, it is irrefutable that this PTM can happen in
the extracellular space (Fig. 22). Secretion of TIMP-2, at least transport from the
ER to the Golgi, is required for its phosphorylation (Fig. 13). Since c-Src is not
secreted through the same pathway than TIMP-2, it is likely that phosphorylation
occurs after secretion. However, the possibility that c-Src associates with the Golgi
apparatus or Golgi-released vesicles and, consequently, phosphorylates Golgi-
resident TIMP-2 cannot be discarded. Although this scenario seems unlikely since
SFKs, including c-Src, only interact with Golgi membrane-associated proteins and
do not localize inside the Golgi (41,42). In conclusion, more details need to be
provided to understand the overall mechanism of TIMP-2 phosphorylation by

extracellular c-Src.
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Figure 22. Possible scenarios where c-Src may phosphorylate TIMP-2 in the
extracellular space. 1) TIMP-2 and e-Src may be free in the extracellular space
where they can meet. 2) TIMP-2 and e-Src may be associated to the outer surface
of the plasma membrane, directly or through a receptor. Either way, activation of
phosphorylated TIMP-2-mediated proMMP-2 activation happens in the plasma
membrane, based on the classic model of proMMP-2 activation.
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In recent years, several intracellular kinases have been reported in the
extracellular space (20,43). We have found that the c-Src kinase is also released
outside the cell (Fig. 8). The secretory pathway responsible for c-Src transport and
release to the extracellular space is yet unclear. Here, we have shown that c-Src
secretion, in contrast to TIMP-2, is not mediated by the ER-Golgi pathway.
Additional unconventional secretory pathways such as shedding microvesicles or
exosomes may be responsible for the secretion of c-Src (44). Therefore, the non-
conventional secretory pathways need to be explored in order to determine the
exact mechanism by which c-Src is targeted for secretion. It is possible that, since
c-Src myristoylation at Gly2 facilitates plasma membrane localization of the protein

(45), the secretion happens through a membrane translocation mechanism (46).

Conformational changes induced by phosphorylation of Tyr 419 and Tyr530 control
the activity of c-Src (47). These regulatory modifications that take place inside the
cell dictate c-Src conformation and thus substrate interaction and phosphorylation.
However, since c-Src is secreted, one may wonder if these phosphorylation events
that are essential for c-Src activity can occur in the extracellular space.
Interestingly, secreted WT c-Src is both active and inactive in the CM (Fig. 16).
Nevertheless, it is unknown in which conformational state c-Src is transported for
its release or if the kinase can be autophosphorylated on Tyr419 and/or
phosphorylated on Tyr530 in the extracellular space. Therefore, extracellular c-Src
is active and, consequently, able to phosphorylate TIMP-2 and other potential

extracellular substrates.
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Protein-protein interactions do not require phosphorylation of residues located in
the binding site (38). The crystal structure of TIMP-2 bound to proMMP-2 has been
solved, and the bacterially expressed TIMP-2 that was used lacked any sort of
phosphorylated amino acids (48). Therefore, we can deduce that phosphorylation
does not play a role in the interaction between TIMP-2 and proMMP-2 in in vitro
systems. However, we have shown that phosphorylation of Y90 on TIMP-2 is
essential for the interaction with proMMP-2 in vivo. In fact, lack of this
phosphorylated residue or expression of the non-phosphorylatable YO0F TIMP-2
prevented TIMP-2:proMMP-2 complex formation (Fig. 9). Thus, our in vivo data
suggest that phosphorylation does play a role in TIMP-2:proMMP-2 interaction.
Moreover, TIMP-2 and proMMP-2 only interact in the presence of the c-Src kinase
(Fig. 17), which then becomes a key player in this protein interplay. Moreover,
blocking specific epitopes of extracellular c-Src with anti-c-Src antibodies
prevented TIMP-2 from being phosphorylated and interacting with proMMP-2.
Kinases need to interact with their substrates before phosphorylating them (49). In
the case of c-Src, substrates bind to the SH3 domain, which brings them in close
proximity to the kinase domain, thus facilitating phosphorylation (50). It is likely that
the epitope blocked by the anti-c-Src antibody represents an interacting site

between e-Src and TIMP-2, since this epitope is located in the SH3 domain.

The formation of a complex between TIMP-2 and the inactive proform of MMP-2 is
a unique phenomenon since TIMPs naturally function to inhibit active MMPs. This
unigue interaction, which involves different domain binding than the inhibitory

complex formed between TIMP-2 and active MMP-2, promotes the activation of
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proMMP-2 in the plasma membrane. Therefore, binding of TIMP-2 and proMMP-2
is essential for reaching proMMP-2 full activation. As mentioned above, TIMP-2
Y90 phosphorylation allows binding of TIMP-2 to proMMP-2, and, consequently,
promotes proMMP-2 activation. As expected, addition of the non-phosphorylatable
Y90F TIMP-2 mutant did not activate the proenzyme (Fig. 11 and 19). Additionally,
blocking c-Src with anti-c-Src antibodies targeting the SH3 epitope resulted in the
prevention of full activation of proMMP-2. However, the anti-c-Src antibody
targeting the first 79 amino acids did not affect proMMP-2 full activation (Fig. 20).
These results suggest that the c-Src epitope located between amino acids 84 and
110 is essential to promote full activation of proMMP-2, most likely by mediating
TIMP-2 phosphorylation and thus interaction with proMMP-2. However, it is
possible that the anti-c-Src antibody prevents interaction and, consequently,
substrate phosphorylation of other c-Src substrates involved in proMMP-2
activation. Also, it cannot be discarded that proMMP-2 could be another substrate

of extracellular c-Src.

The reported mechanism of e-Src-mediated TIMP-2 phosphorylation provides
novel insights into the complex process of proMMP-2 activation. Formation of the
proMMP-2:TIMP-2:MT1-MMP trimer complex in the plasma membrane is
necessary to efficiently remove the prodomain of MMP-2 by a non-inhibited MT1-
MMP. Although this process has been known for years, the fact that
phosphorylation plays a critical role in the formation of the proMMP-2:TIMP-2
complex was unknown. The classic model of proMMP-2 activation requires two

steps in which the prodomain is gradually cleaved. TIMP-2 serves as a scaffold
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proteins in both steps. In the first activation step, the N-terminal domain of TIMP-2
brings proMMP-2 in close proximity to the plasma membrane, where a TIMP-2-
free MT1-MMP cleaves a section of the prodomain to generate the intermediate
form of MMP-2 (64 kDa). In the second activation step, the remaining sequence of
the prodomain is cleaved through autocatalytic proteolysis by a nearby
intermediate MMP-2 also bound to a TIMP-2:MT1-MMP complex. Based on our
results, TIMP-2 phosphorylation by e-Src is essential for both the first and the
second step of the activation process since we observe no change from pro to
intermediate MMP-2 or intermediate to fully active MMP-2 in the presence of the
non-phosphorylatable YO0F TIMP-2 or following treatment with our custom-made
anti-c-Src pAb. Also, since MT1-MMP is an essential player in the activation
process of proMMP-2, it would be of great interest to study if any of the
phosphorylated residues that we have identified is required for TIMP-2 binding to

MT1-MMP.

In conclusion, we have provided further insights into the novel mechanism of
secreted c-Src-mediated TIMP-2 extracellular phosphorylation, which is essential
for TIMP-2 and proMMP-2 interaction and, consequently, proMMP-2 activation.
The extracellular c-Src kinase phosphorylates TIMP-2 in the extracellular space,
thus confirming that extracellular phosphorylation is viable outside the cell and has
noteworthy consequences regarding protein-protein interaction, activation, and

function of extracellular enzymes.
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