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Abstract

Protease activity is of particular interest because of its irreversible nature and hence commitment
by living systems to post-translationally truncate or remove by degradation its substrates.
Degradomics, a combination of approaches used to study proteases, their inhibitors, and their
substrates, allows powerful analyses of proteolytic networks. Degradomics has allowed the
identification of a vast number of novel protease substrates, leading to speculation of molecular

partnerships previously unknown to biology.

For the matrix metalloproteinase (MMP) family of extracellular proteases, degradomic screens
have led us to realize that many proteins with intracellular roles are secreted by non-canonical
means to perform novel extracellular functions that may be modulated by MMPs. Where it was
once thought MMPs only degraded extracellular matrix (ECM), they are now known to process

diverse signaling substrates.

Interesting multifunctional targets of MMP processing are “moonlighting” proteins that have more
than one unique activity and can shuttle between intracellular and extracellular compartments to
exhibit different functions in each. Recently, intracellular tRNA synthetases have been identified
as extracellular moonlighting proteins. Despite the lack of signal peptides, six tRNA synthetases
have been found to be secreted and perform different functions in the extracellular environment,

notably activation of the immune response.

| hypothesized that MMP processing of tryptophanyl-tRNA synthetase (WRS), a cytokine, and
tyrosyl-tRNA synthetase (YRS), fragments of which are proinflammatory, would modify the
inflammatory activities of these tRNA synthetases. First, WRS and YRS secretion from human
cells was confirmed. | then expressed and purified full-length WRS and YRS to evaluate MMP
processing of these proteins. MMP cleavage sites within WRS and YRS were determined,
revealing that MMPs cut the N-terminus from WRS but cleave within the YRS C-terminus,
generating stable proteoforms. Cell culture assays revealed that both WRS and YRS have
proinflammatory functions, each activating Toll-like receptors (TLRs). While removal of the N-
terminus of WRS by MMP processing attenuated these activities, conversely, MMP cleavage of
YRS increased proinflammatory functions, suggesting that MMPs play differing roles depending
on the substrate being processed. This research exposes the exciting biology that awaits in

tapping a previously unknown well of moonlighting MMP substrates with diverse bioactive roles.



Lay Summary

Proteases, like matrix metalloproteinases (MMPs), are proteins that cut other proteins to change
their activity and thereby control both normal and disease processes in the body. Recently, new
roles of MMPs have been revealed, cutting signaling proteins that are important in inflammation
and cell communication. New technologies, designed to identify proteins cut by extracellular
proteases, have found cut proteins involved in cell to cell signaling that are typically found only
within cells and not outside including tRNA synthetases. These proteins with new functions
outside of the cell distinct from the jobs they do inside are called “moonlighting” proteins and may
represent new therapeutic targets. tRNA synthetase cutting by MMPs and the effect of this cutting
was evaluated, revealing cutting one tRNA synthetase inactivated its activities while cutting
another enhanced its activities. Learning how protein activities in the body are affected by

protease cutting will help us better understand disease processes.



Preface

The research presented herein was conducted in the research laboratory of Professor Christopher
Overall at the University of British Columbia, Point Grey Campus. The projects and described
methods were approved by the University of British Columbia Clinical Research Ethics Board
(certificate #H06-00047).

Both Chapter 2 and Chapter 3 have been prepared in the publishable format acceptable according
to the University of British Columbia and the Department Biochemistry and Molecular Biology.
Introducing these two chapters is the focus of Chapter 1, however portions of Chapter 1 have
been augmented with material from a review that has been previously published (Jobin, P.G.,
Butler, G.S., and Overall C.M. (2017) New intracellular activities of matrix metalloproteinases
shine in the moonlight. Biochim. Biophys. acta. Mol. cell Res. 1864, 2043-2055). | was the lead
author of this article used in Chapter 1, responsible for conception, planning, and writing of the
manuscript. Georgina Butler and Professor Christopher Overall wrote and edited the review. This

article and its materials are used in Chapter 1 with permission from the copyright holder, Elsevier.

A version of Chapter 2 has been submitted as a manuscript to an academic journal. | was the first
author, responsible for planning, and performing of experiments, collection and analysis of the
data, and writing the manuscript. Nestor Solis and Yoan Machado performed the ATOMS and
LC-MS/MS experiments, respectively, and with Peter Bell analysed the data and wrote the paper
under my direction. Georgina Butler and Professor Christopher Overall conceived the project, the
experiments, wrote and edited the paper, analysed data, interpreted the results, supervised, and
provided support for the project. Nam Hoon Kwan and Sunghoon Kim provided recombinant
human WRS and A1-47 WRS plasmids for the project.

A version of Chapter 3 has been submitted as a manuscript to an academic journal. | was the first
author, responsible for planning, and performing of experiments, collection and analysis of the
data, and writing the manuscript. Nestor Solis and Yoan Machado performed the ATOMS and
LC-MS/MS experiments, respectively, and with Peter Bell analysed the data and wrote the paper
under my direction. Georgina Butler and Professor Christopher Overall conceived the project, the
experiments, wrote and edited the paper, analysed data, interpreted the results, supervised, and
provided support for the project. Nam Hoon Kwan and Sunghoon Kim provided the recombinant

human YRS plasmid for the project.



Table of Contents

N o =3 1 - T iii
I YT U 4o =T iv
=Y - - v
LK 1o L= o 00T oY 3 Vi
IS o I 1o = X
=S o T 11 Xi
List Of ADDreviations ... s smnr e s e e s mnn e e e e e e nnan xiii
AcCKNOWIEdGEMENTS ... ———— xiv
DediCation ... mmemmmmmmesmeemsemmsmessessenne XV
Chapter 1: INtrodUCION ..........cc s ssmn e s s smn s e e s e e s n s mmnnn e e e e eas 1
1.1 Matrix metalloproteiNASES ............uuuiiiiiiiiiiiiiii et e e e e e e e e e e e e e eeeeeeeas 2
1.2 Insider proteins moonlighting on the outside..............coooiiii 3
1.2.1 Mechanisms of extracellular localization of intracellular proteins.......................... 4
1.2.1.1  Non-canonical SECretioN .........cooiiii i 5

1.2.1.2 Gl IYSIS et 7

1.2.2 Moonlighting intracellular proteins, MMPs, and inflammation ............................... 8
1.2.2.1  Inflammation ........oooii oo a e e e 9

1.2.2.2 MMPs and inflammation.............oooiiiiiiii e 10

1.2.3 DL=To 7= To (o]0 1 o1 S PP PPTPPRPO 12
1.24 Intracellular proteins as a new class of MMP substrates in inflammation ........... 14
1.2.41 Aminoacyl-tRNA synthetases as MMP substrates.............ccccccciiiiiiiiiinennnns 15

1.3 MMPs @s MOONIGNTEIS.......cooiii e 17
1.3.1 Mechanisms of subcellular localization ... 19
1.3.1.1  Faulty SECIELION ....cciiiiieeeeeee e 19

1.3.1.2  Cellular re-NtrY .......ooii e 19

1.3.1.3 Intracellular organelle trafficking............oocoeiiiiiiiiii e 20

1.3.2 MMP2 within the myocyte and beyond ... 21
1.3.2.1  MMPZ2in the CYtOSOL .......oeiiiiiiiiiie e 21

1.3.2.2 Cytosolic MMP2 and muscle function ...........cocceeiiiiiii e 22

1.3.2.3 Cytosolic MMP2 in hemOStasis ..........ocoiiuiiiiiiiiiiie e 23

1.3.2.4 Mitochondrial MMP2 in cardiac injury and diabetic retinopathy ..................... 23

1.3.2.5 Nuclear MMP2 activity and apoptosis regulation ..............cccccceeiriiiiiiieeeennnnns 24



1.3.3 Moonlighting MIMP3...... ..o 25

1.3.3.1  Cytoplasmic MMP3 in neuronal dysfunction .............cccccooiiiiiiiiiiiee i 25
1.3.3.2 Nuclear MMP3 as a protease and a transcription factor.............ccccccceeeeeen. 26
1.3.4 MMP7 substrates in mucosal innate immunity and cell-cell communication....... 27
1.3.5 Moonlighting MIMPO...........e e 28
1.3.5.1  Cytosolic MMP9 in iMMUNILY ......ccooiuiiiiiiii e 28
1.3.5.2 Mitochondrial and nuclear MMP9 in cellular damage............cccccooviiiiieeiennnns 28
1.3.6 Cytosolic MMP10 and Huntington’s disease...........cocueieiiiiieiiiiiiie e 29
1.3.7 Non-canonical roles of MMP12 as an immune regulator .............cccocceeiiiiiennn. 30
1.3.7.1  Non-proteolytic MMP12 in the phagolysosome.............ccccevveieiiiiiiiiiiieeeeees 30
1.3.7.2 Nuclear MMP12 as transcription factor in antiviral immunity........................... 30
1.3.8 Moonlighting MMP14 proteolytic and non-proteolytic roles..............ccccveeveeernnns 31
1.3.8.1  Cytoplasmic MMP14 proteolysis ..........cooiuiiiiiiiiiiieiiiiee e 31
1.3.8.2 Asignal transducer in MMP 14 ... e 31
1.3.8.3 Nuclear MMP14 as immune regulator modulator..............ccceveeeiiiiiiiieeeeeeeens 32
1.3.9 Cytosolic MMP25 in tUMOFQENESIS ........ccouuiiiiiiiiiie e 33
1.3.10  Future directions and CONCIUSIONS..........cooiiuiiiiiiiieie e 33
1.4 AIMS aNd NYPOINESES ... 34
1.5 Tables, figures, and figure 18geNds ...........oooi i 37
Chapter 2: Matrix metalloproteinases inactivate the proinflammatory functions of
secreted moonlighting tryptophanyl-tRNA synthetase ... 46
21 3V T0] 011 PO PRPSUPRRPOTRRI 46
2.2 INEFOAUCTION ...t e e e e e e e 46
2.3 RESUIES .t e e e e e e e 48
2.31 Secretion of WRS was induced by IFNy........coooiiii e, 48
23.2 WRS stimulated proinflammatory monocyte and macrophage activities ............ 49
233 WRS signaled via Toll-like receptors 2 and 4 ..., 49
234 WRS was cleaved by MIMPS ... 51
235 MMP-cleavage attenuated the WRS-induced proinflammatory response .......... 52
24 DUSCUSSION. ...ttt ettt e e e e e e e e e e e e e e e e e e e e e 53
25 Material and METNOAS........cooiiii e 55
2.5.1 WRS expression and purification ... 55
252 Cll CUIUIE ...t 55



253 WRS SECIetion @SSAYS ......uueiiiiiiiiieiiiie et 57
254 IMMUNODBIOTING ... 57
255 MMP expression and purification ............cccccoooeiiiiiiiiie e 58
256 WRS ClEaVAJE @SSAYS .....uveeieiiiiiiieeiiiii ettt ettt et e e e e e 59
257 LC-MS/MS analysis of MMP cleavage of WRS...........ccoooiiiiiiieee 59
258 Determination of WRS cleavage Sites..........ccccooiiiiiiiiiiiii e 60
259 SHALISTICS -ttt 61
2.6 Figures and figure 1€geNds. ..........ooo i s 62
Chapter 3: Matrix metalloproteinases activate the proinflammatory functions of
extracellular moonlighting tyrosyl-tRNA synthetase............ccccceiiiiiimmiccie s 78
3.1 3V 10] oL PSP PPPSUPRRPOTRRI 78
3.2 INEFOAUCTION ... e e e e e e 78
3.3 RESUIES ..t e e e e e e e e e 80
3.3.1 Proinflammatory activities of YRS on monocytes and macrophages.................. 80
3.3.2 YRS signaled through Toll-like receptor 2. 80
3.3.3 MMPs induced by TNFa cleaved YRS........coooiiii e 82
3.3.4 YRS was cleaved BY MMPS .........ooiiiiii e 82
3.3.5 MMP-cleavage enhanced the YRS-induced proinflammatory responses........... 84
3.4 DISCUSSION. ...ttt ettt e e e e e e e e e e e e e n e e e e e e e e e e 84
3.5 Material and METNOAS........cooiiiii e 86
3.5.1 YRS expression and purifiCation .............oooociiiiiiee i 86
3.5.2 Cll CUIUIE ...ttt 86
3.5.3 MONOCYIE ChEMOLAXIS. ... ...eeiiiiiiieiie e 87
3.5.4 TLR rEPOIMEI @SS@AYS....eeiiiiiiiiiiieiee ettt as 88
3.5.5 YRS SECIEtiON @SSAYS ...ceeiiueiiiieiiiiiie ettt 88
3.5.6 IMMUNODBIOTING ... 88
3.5.7 MMP expression, purification, and activity assays...........cccceviiiiiiiiiieiiiiiieeens 89
3.5.8 YRS ClEAVAGE @SSAYS ....ceeiuuiiieiiiiiiie ettt 89
3.5.9 LC-MS/MS analysis of MMP cleavage of YRS .........c.ccooiiiiiiiieeeeieeee 90
3.5.10 MMP cleavage site determination ...............oooieiiiiiiiiiiii e 90
3511 SHAlISHICS .. 9
3.6 Figures and fIgure 1€geNds. ..........oooiiiiiiii e 92
Chapter 4: Conclusion and OULIOOK ...........cccccemiiiiiiiiicccerrr e 105



Bibliography



List of Tables

Table 1.1 Degradomic identification of tRNA synthetases as candidate MMP substrates. ........ 37
Table 1.2 Known proteolytic activities of moonlighting MMPS. ..., 39
Table 1.3 Known non-proteolytic activities of moonlighting MMPS. ............ccccciniiiiniiinin. 41



List of Figures

Figure 1.1 Known truncation sites in WRS and YRS by alternative splicing and serine proteases.

.................................................................................................................................................... 38
Figure 1.2 Activities of cytoplasmiC MMPS. ..........ooiiii e 43
Figure 1.3 Mitochondrial MMPs and cellular damage.............cccuviiiiiiiiiiiiiieeeeeee e 44
Figure 1.4 MMPS as NUCIEAr ProtEINS. .........eoiiiiiiiiiiiii e e e 45
Figure 2.1 IFNy stimulated WRS expression and secretion from human cells. .......................... 62
Figure 2.2 WRS expression and secretion in THP1 macrophages was IFNy-specific and

concentration-depPendEent. ... ... e 64

Figure 2.3 Inflammatory signaling responses were activated by WRS, but not A1-47 WRS...... 65

Figure 2.4 Cytokine protein array analysis of conditioned media from human peripheral blood

mononuclear-derived macrophages following stimulation by WRS or A1-47 WRS.................... 66
Figure 2.5 TLR2 and TLR4-mediated signaling responses to WRS............cccociiiiiiiiiniiieeenee 68
Figure 2.6 Inhibition of TLR2 and TLR4 signaling reduced WRS-mediated TNFa. release from

THPT MaACIOPNAGES. ...ttt e e e e e e e e e e r e e e e e e e e annnees 69
Figure 2.7 Confirmation of the absence of lipopolysaccharide in recombinant WRS and A1-47

WRS preparations expressed in ClearColi® BL21 (DE3)........ccovviiiiiiiiiiiiiie e 70
Figure 2.8 SDS-PAGE analysis of WRS cleavage by recombinant MMPs in vitro...................... 71
Figure 2.9 MMP-cleaved WRS protein bands sequenced by Edman degradation..................... 72
Figure 2.10 LC-MS/MS identified N- and C-terminal boundaries of MMP-cleaved WRS bands.73
Figure 2.11 Identification of MMP cleavage sites in WRS. ... 74

Figure 2.12 WRS cleavage by MMP7 and MMP8 reduced chemotaxis and TNFa release. ...... 75
Figure 2.13 WRS increased MMP activity in macrophage-conditioned media by a TNFa-
dependent PathWay. ... 76
Figure 2.14 Model of the WRS — MMP temporal relationship and feedback loops regulating IFNy
responses in iNflammMatioN. ............ooiii e 77
Figure 3.1 Increased THP1 monocyte chemotaxis, TNFa secretion, and chemokine secretion
INAUCEA DY YRS, et et e e e ettt e e e et b e e e e e anbn e e e e aneeeeeaas 92
Figure 3.2 YRS expression and secretion in THP1 cells was constitutive..............cccccceenneenne 93
Figure 3.3 Grid showing layout of the cytokine protein array used to analyze conditioned media
of human peripheral blood mononuclear-derived macrophages following stimulation by YRS. . 94
Figure 3.4 YRS stimulated NF-«kB signaling through TLR2. ..........cccooiiiiiiiiii e 96

Xi



Figure 3.5 Inhibition of TLR2 signaling reduced YRS-mediated TNFa release from THP1

[gaF= Tl o] o] gE=To [T PSP OPPPPPPPPPPP 97
Figure 3.6 YRS increased macrophage MMP activity in a TNFa-dependent pathway............... 98
Figure 3.7 Coomassie blue-stained SDS-PAGE analysis of YRS cleavage by recombinant

MIMPS T VIEFO. ..ottt e et st s e s s s e s s e essennneeeees 99
Figure 3.8 MMP-cleaved YRS protein bands sequenced by LC-MS/MS and Edman degradation.
.................................................................................................................................................. 100
Figure 3.9 Identification of MMP cleavage sites in YRS. ... 101
Figure 3.10 Major YRS proteoforms generated by MMP cleavage of YRS. ..........cccccoiiiene 102

Figure 3.11 MMP7 and MMP8 cleavage of YRS increased monocyte chemotaxis, TLR2
signaling, NF-kB activation, and TNFa release by macrophages. ........ccccccooeeiiieiiiiiiiiiinnennes 103
Figure 3.12 Feed-forward model of the YRS-MMP temporal relationship in first inducing and

then potentiating proinflammatory pathways. ... 104

Xii



List of Abbreviations

APMA
ATOMS
CCL
CCSs
CD
CXCL
DMEM
ECM
EMAPII
HMGB1
HSP
IFN
IkB-a

IL
LC-MS/MS
LPS
MMP
MT-MMP
NET
NF-«kB
PBMC
PI3K
PMA
PMN
RPMI
TAILS
TIMP
TLR
TNF
WRS
YRS

p-aminophenylmercuric acetate

Amino terminal oriented mass spectrometry of substrates
CC chemokine ligand

Cosmic calf serum

Cluster of differentiation

CXC chemokine ligand

Dulbecco’s modified Eagle’s medium
Extracellular matrix

Endothelial-monocyte activating polypeptide Il
High mobility group box 1

Heat shock protein

Interferon

Inhibitor of kappa B-alpha

Interleukin

Liquid chromatography tandem mass spectrometry
Lipopolysaccharide

Matrix metalloproteinase

Membrane-type MMPs

Neutrophil extracellular traps

Nuclear factor-kappa B

Peripheral blood mononuclear cells
Phosphatidyl-inositol 3 kinase

Phorbol 12-myristate 13-acetate
Polymorphonuclear leukocyte

Roswell Park Memorial Institute

Terminal amine isotopic labelling of substrates
Tissue inhibitor of metalloproteinases

Toll-like receptor

Tumor necrosis factor

Tryptophanyl-tRNA synthetase

Tyrosyl-tRNA synthetase

Xiii



Acknowledgements

First, | thank Professor Christopher Overall for having me as a student, supporting and
supervising my work. His energy and curiosity were contagious, and this work would not have
been possible without him. | also thank Georgina Butler, her support and mentorship helped me
keep going and thanks to her steadiness and faith in success, | managed completed this project.
My supervisory committee members also have my gratitude. The ideas and perspectives of Eric
Jan, Dieter Bromme, and Stuart Turvey were enormously beneficial to me and this research. |
also thank Stuart Turvey for providing the Toll-like receptor reporter cell lines used for this

research.

It is important to acknowledge the current and past members of the Overall laboratory whose work
in maintaining and facilitating research are important to everyone’s work. Special thanks go to
Reinhild Kappelhoff, whose tireless management ensures the place does not collapse into the
Salish Sea. Notably, Nestor Solis, Yoan Machado, and Peter Bell with their mass spectrometry
expertise make the Overall lab a place of cutting-edge research and without whom | would not
have been able to incorporate proteomic techniques into the presented work. Nestor deserves
extra praise, as his herculean efforts in maintaining the mass spectrometry equipment allowed

me to attempt my research in the first place. Thanks to all of them for their assistance.

| thank the sources of financial support for this work. | was supported by a VCHRI-CIHR-UBC
MD/PhD Studentship, CIHR Vanier Canada Graduate Scholarship, UBC 4-Year Doctoral

Fellowship, and a Centre for Blood Research Graduate Award.

This work was funded by a Canadian Institutes of Health Research (CIHR) grant (MOP-111055
to Christopher Overall and Georgina Butler), a CIHR foundation grant (FDN-148408 to
Christopher Overall), the Michael Smith Foundation for Health Research to establish the British
Columbia Proteomics Network (IN-NPG-00105 to Christopher Overall), and the Canada

Foundation for Innovation (31059 to Christopher Overall).

Xiv



Dedication

| dedicate this work to my family. My parents, Brenda and Alain, who have always encouraged
me throughout my education, | cannot thank them enough for their ceaseless support throughout
my career. My fiancé Kristina, whose support and patience has kept me going for 4 years. She
celebrates every success, no matter how small, and helps me survive the failures, it is her | thank

the most.

XV



Chapter 1: Introduction

Before completion of the Human Genome Project, the expectation was that the complexity of an
organism would correlate to the number of protein-coding genes, with higher estimates reaching
120,000 for vertebrates (1, 2). However, the human genome is now estimated to contain 19,467
protein-coding genes (3, 4), indicating that there are multiple mechanisms to facilitate the vast
number of cellular processes from this limited number of protein-coding genes. For multicellular
organisms, multifunctional proteins have emerged as one solution to increase biological
complexity (1, 5). Unlike alternative splicing of RNA transcripts, where multiple protein products
are derived from a single gene (6, 7), multifunctional proteins consist of a single polypeptide that
attains multiple activities through a variety of mechanisms including: changes in subcellular
location; alterations in extracellular environment; complex formation with different partners; and
post-translational modifications e.g. phosphorylation and proteolysis (5). Such proteins with dual
roles, enjoying distinct functions in addition to their best characterized or predominant function,

are termed “moonlighting” or “pleiotropic” proteins (5) and complicate drug targeting (8).

Moonlighting proteins are unique and differ from other multifunctional proteins as they perform 2
or more unique and unrelated functions (5, 9-15), i.e. these are not promiscuous enzyme
activities, where the same active site catalyzes different reactions under different conditions.
While the definition of moonlighting proteins does include proteins that perform unrelated roles
within the same cellular compartment (5), much of the focus of the moonlighting research
community has arguably been directed towards how localization between cellular compartments
affords proteins new functions once shuttled into a new environment (16) i.e. intracellular proteins
shuttling to the extracellular milieu. The number of moonlighting proteins now exceeds 300 (1, 17,
18), with the best studied examples, e.g. the glycolytic enzyme glyceraldehyde-3-phosphate
dehydrogenase (19) and the transcription factor high mobility group box 1 (HMGB1) (20), reaching
double-digits in number of independent functions. Both glyceraldehyde-3-phosphate
dehydrogenase and HMGB1 are known to shuttle to the extracellular milieu to perform

moonlighting functions.

Moonlighting challenges the typical expectation that enzymes function in either the intracellular
or the extracellular environment of a cell and remain in that location. The cellular localization of a
protein can be vital to determining its function (8), but traditional biochemistry has overlooked the
possibility of proteins gaining functions by shuttling between locations partly due to constraints of

dogma: Intracellular proteins found in extracellular locations are often regarded as artifacts of cell
1



death and extracellular proteins found within nuclear and cytosolic extracts are considered

contaminants of secretion or rare artifacts.

Interest is growing in how moonlighting protein pleiotropic activities are regulated. Insider proteins
moonlighting on the outside, lacking a traditional signal peptide for secretion, may represent a
vast subset of proteins that cells have adapted in order to achieve the long list of extracellular
functions a multi cellular organism needs to carry out. Thus, they require a sophisticated system
of regulatory steps. One such regulatory step is post-translational modification by means of
proteolysis. Proteolytic processing by a protease differs from simple degradation. Processing
requires limited and specific cleavage of a protein substrate by a protease with only one or two
cuts. Degradation is the indiscriminate cleavage of a substrate into peptides. Specific processing
has become recognized as a common mechanism to regulate the activities of many proteins,
including moonlighting proteins (8, 16, 21-25). This chapter will address how intracellular proteins
exit the subcellular environment, their roles in maintaining homeostatic and diseased processes
such as inflammation, and the discovery that these moonlighting proteins are regulated by

proteolysis.

For the matrix metalloproteinase (MMP) family of extracellular proteases, as with all protease
families, the development of innovative proteomic technologies has rapidly changed our
understanding of the in vivo function of these enzymes (8). The first 50 years of research on
MMPs classified these enzymes according to their extracellular matrix (ECM) substrates (26, 27).
The collagenases (MMP1, MMP8, MMP13), gelatinases (MMP2 and MMP 9), stromelysins
(MMP3, MMP10, and MMP 11), matrilysins (MMP7 and MMP 26), and membrane-anchored
MMPs (MMP14, MMP15, MMP16, MMP17, MMP24, and MMP25) make up most of the family
(27). The remaining MMPs include MMP12 (macrophage metalloelastase), MMP18, MMP19,
MMP20 (enamelysin), MMP21, MMP22, MMP27,and MMP28 (epilysin) (22, 27). Recent research
has shown that MMPs process a wide array of substrates including chemokines and other
cytokines, leading to a shift in interest from ECM turnover to cell signaling roles in homeostasis
and pathology (8, 28).

1.1 Matrix metalloproteinases

MMPs are a family of secreted zinc-dependent metalloproteases comprised of both soluble and
membrane-bound endopeptidases. Numbering 23 in humans, this group is expressed across
most tissues, with some members only being expressed by specific cell-types (29) such as

2



MMP12 by macrophage and lung epithelial cells (27, 30). From their discovery in tadpole tail
metamorphosis (31), MMPs earned their title as matrix proteases that collectively degrade most
if not all ECM proteins (26, 32), despite the fact that never have all ECM proteins been shown to
be substrates, with corresponding roles in angiogenesis, embryogenesis, wound healing, and
metastasis (26-28, 33, 34).

Most MMPs have four domains: A secretion signal peptide, prodomain, catalytic domain, and
hemopexin-like domain (27, 35). The common catalytic domain has a Zn?* ion in the catalytic
pocket chelated by three conserved histidine residues (36). MMPs are secreted with an N-terminal
pro-domain containing a conserved cysteine residue responsible for keeping the enzymes latent
by coordinating the Zn?* ion in the catalytic pocket (36). In most MMPs (except MMP7, MMP23,
and MMP26), a hinge region connects the catalytic domain to a C-terminal hemopexin-like
domain, an exosite that facilitates non-proteolytic roles (37, 38). MMP2 and MMP9 have
fibronectin type-Il repeats inserted in their catalytic domains that bind native and denatured
collagen (39—41). Membrane-type MMPs (MT-MMPs) are anchored at the extracellular cell
surface, by either a single pass transmembrane domain or a glycophosphatidylinositol linkage
(42).

There are multiple levels of MMP regulation. Transcription is a major checkpoint, with trigger
and suppressor signals tightly controlling MMP production (43). Certain MMPs have roles in
maintaining homeostasis and their expression can be detected in normal tissues, while others
are specifically expressed under unique conditions in certain cell-types (44). For example,
MMP2, with ubiquitous and constitutive expression across most cell-types mostly unaffected by
proinflammatory stimuli, contrasts MMP9, expressed constitutively in fewer cell-types and
requires induction by inflammatory signals for expression in others (27). Secreted inactive
proMMPs await activation by either proteolytic cleavage, e.g. other MMPs or serine proteases,
or thiol oxidation by compounds including reactive oxygen species (45—-47). Once activated,
MMPs become vulnerable to inhibition by general protease inhibitors and their specific natural

inhibitors, the tissue inhibitors of metalloproteinases (TIMPs) (48).

1.2 Insider proteins moonlighting on the outside

Just more than 30 years ago, the first reports of secretion of what was then believed to be
intracellular-only proteins that lack signal peptides necessary for classical secretion began to
appear (49-51). Years before, the molecular chaperone heat shock protein (HSP)10, called a

3



different name at the time, was first discovered as an immunosuppressant factor in anti-fetal
immunity (52, 53). After its correct identification as intracellular HSP10 more than a decade later
(54), it became one of the earliest moonlighting proteins to be targeted by therapeutics (55-58).
Even early than HSP10, the glycolytic enzyme glucose-6-phosphate isomerase was detected in
the blood of cancer patients with malignant tumours (59). In the span of 60 years since that
discovery, glucose-6-phosphate isomerase has been attributed multiple extracellular functions
and has been called neuroleukin acting as a neurotrophic factor (60) and autocrine motility factor
acting as a factor promoting epithelial-mesenchymal transformation (61). Unaware that one single
protein could have such versatility and shuttle between intracellular and extracellular spaces,
many researchers have been guilty of such mislabeling leading up to Jeffrey codifying the term

moonlighting protein in 1999 (5).

Now, more and more of these insiders on the outside are being adapted into clinical applications.
HMGB1 has been seized upon as a clinical biomarker (62—65) and a therapy target (66) in sepsis.
Currently in clinical trials, binding immunoglobulin protein, originally thought to have been only a
molecular chaperone, is being tested as an antiarthritic (67) due to the discovery of binding
immunoglobulin protein inducing interleukin (IL)10 production in T cells (68—70). The interest in

moonlighting proteins for therapy highlights how this nascent field will continue to grow.

1.21 Mechanisms of extracellular localization of intracellular proteins

It is important to explore how intracellular proteins reach the extracellular milieu without a
hydrophobic secretory signal peptide so that they can be targeted by MMPs. Analogous to the
first 50 years of MMP research being restricted to their extracellular roles in ECM turnover, the
first half century of research into protein secretion has been dominated by a consensus (71) that
clarifies secreted proteins carry a signal peptide, directing their insertion into the endoplasmic
reticulum before moving onto the Golgi apparatus before finally reaching the plasma membrane
for exocytosis (recently reviewed in (72)). However, example after example of non-canonical
strategies adapted by cells to secrete proteins without signal peptides (reviewed in (8, 16, 73))
has spurned a reassessment of secretion, most recently by Rabouille (71), into four broad yet
unique types of non-canonical protein secretion. Type IV, the Golgi-bypass pathway, will not be
explored in depth here as it exists as its own separate category of proteins that possess a signal
peptide (71).



The study of the mobilization of insider proteins for extracellular functions is hampered by long
held dogma that intracellular proteins found in secretomes (all proteins secreted into the
extracellular space) or biological fluids must result from artefacts of sample preparation or due to
cell lysis (8, 73). Many intracellular proteins, but not all, have been detected in conditioned media
of cultured cells, suggesting cell lysis does not account for all intracellular proteins released into
the extracellular space (16). Certain intracellular moonlighting proteins like HMGB1 are
speculated to be both actively secreted by non-canonical means and released passively through
cellular lysis in order to exert their extracellular activities (74). Therefore, it is necessary to
delineate the current understanding of non-classical protein secretion from other forms of

intracellular protein release.

1.21.1 Non-canonical secretion

The first type of non-canonical secretion involves the formation of non-lethal pores within the
plasma membrane to afford intracellular proteins direct paths into the extracellular milieu (71).
Just as bacteria utilize pores for secretion (75), animal cells also generate pores in their
membranes to release subcellular content. With some pores being constitutive (71) while others
inducible by stimuli such as cellular stress (76), intracellular proteins lacking a signal peptide can

be provided with a route of direct plasma membrane translocation.

These pores can be lipid-based, as is the case for fetal growth factor 2 (77) and HIV Transactivator
of Transcription (78), where the secreted proteins interact with phospholipids to cross the
membrane. Other proteins depend on cooperation with a secretory apparatus of heterologous
protein complexes, including transglutaminase 2 and thioredoxin (79). It is notoriously difficult to
elucidate the mechanisms of pores, evidenced by the secretion of fetal growth factor 1 which
recruits numerous proteins to form a complex comprised of annexin a2 (80) and small calcium
protein S100A13 (81) yet lacks evidence of pore activity. The pursuit of finding cell-specific pores
and their mechanisms of action may fill in the uncertain gaps in the secretion posed by proteins

like fetal growth factor 1.

ATP binding cassette transporters are membrane transporters ubiquitous across all living
organisms reviewed recently in (82). In humans, mammalian multidrug resistance proteins
mediate drug efflux and promote drug resistance among certain cancer cells (83). Classically
composed of dimers of an ATP-binding domain and a transmembrane domain, these efflux pumps
have little evidence supporting the export of proteins across the cellular membrane (8). As

5



research into these protein transporters as protein exporters is limited (71), no more time will be

spent exploring them.

Intracellular vesicle-based trafficking, diverted to exocytosis to become extracellular secretory
vesicles, is a third mechanism by which intracellular proteins lacking signal peptides are exported
out of cells (84). The generation of exosomes or multivesicular bodies following endocytosis has
been to known to not only incorporate typical endosomal proteins but engulf components of the
cytosol (85-88). Its relation to non-canonical secretion of these randomly engulfed cytosolic
components comes from the fate of these multivesicular bodies. Some proceed to fuse with
lysosome for degradation of their components. Others are fated to re-fuse with the plasma
membrane, effectively becoming exosomes carrying content into the extracellular space. Once
external, these vesicles are reported to either remain at the site of discharge or travel to distal
locations in biological fluids, eventually rupturing to release their payloads or fusing to other cells,
providing means of intercellular communication (8, 73). Examples of this secretion strategy
include moonlighting HSP70 (89), HSP90 (85), and glyceraldehyde-3-phosphate dehydrogenase
(90).

Distinct from multivesicular body trafficking, ectosomes or microvesicles are not formed from any
existing trafficking vesicle within the cell but rather form directly from the budding of the plasma
membrane (84, 91, 92). As endosomes arise from intraluminal vesicles or endocytic cisternae,
ectosomes form rapidly from membrane microdomains characterized by unique lipids and
membrane associated proteins. Similar to endosomes, these vesicles act locally and can travel
far from their source to mediate their effects (8, 73). The lipid and protein composition of ectosome
membranes is unique to the cell-types that generate them, hinting at how this system is tightly
controlled by the cells that use ectosomes to communicate (8). Much of the intracellular protein
cargo detected in either exosomes or ectosomes has been detected in the other (73), suggesting
much work remains in delineating between the two vesicles in order to contextualize their

significance in non-canonical secretion.

Additional vesicles that can be adapted to export intracellular proteins are secretory lysosomes
(8, 73). Rather than degrading intralumenal contents as is the normal function of the lysosome,
secretory lysosomes depend on external stimuli to change their fate towards secretion. Secretory
lysosomes are extracellular secretory vesicles, yet they remain distinct from exosomes due to the

precursors of secretory lysosomes. What endosomes are to exosomes the endolysosome is to
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secretory lysosomes (93). The packaging to intracellular proteins into endolysosomes remains
unclear, as sources for these proteins are thought to come from endosomes directed to the
endolysosome, proteins directed from the trans-Golgi network (94), and potentially from ATP
binding cassette transporters pumping molecules into the organelle (73). Despite this uncertainty,
cytoplasmic proteins like HMGB1 have been reported to be exported using secretory lysosomes

(95), hinting at the importance of vesicle secretion in moonlighting.

1.2.1.2 Cell lysis

Apoptosis, programmed cell death, requires cells to undergo a stepwise process to prepare
themselves for not only death, but for proper clearance to avoid unwanted inflammation (reviewed
in (96, 97)). Professional phagocytic cells like macrophages require both “find-me” signals to
migrate to the sites of apoptotic cells and “eat-me” signals to engulf apoptotic cells once the
phagocytes arrive. Given that intracellular proteins lacking signal peptides, like calreticulin,
localize to the surface of shedding apoptotic bodies from apoptotic cells to mediate phagocytic
engulfment (98), intracellular proteins found in the extracellular space on account of apoptosis

serve important functions and should not be discounted as artefacts.

Following similar logic, intracellular protein release by necrotic cell death should also be
considered, under the correct circumstances, as a genuine source of intracellular proteins to the
extracellular space. Cells succumbing to compromised cellular integrity caused by trauma or
infection release all subcellular proteins to the site of injury, unleashing the moonlighting activities
that these proteins carry out. Furthermore, necrotic cells are known to secrete a specific class of
intracellular protein before membrane integrity is lost, the damage associated molecular patterns
or alarmin proteins (reviewed in (99, 100)). These endogenous danger signals are vital in
stimulating both innate and adaptive immune responses and count among their numbers
moonlighting HMGB1 (101), HSP70, and HSP90 (102). Analogous to exogenous pathogen
associated molecular pattern molecules of pathogens, endogenous damage associated
molecular patterns are recognized by pattern recognition receptors on the surface of immune
cells such as Toll-like receptors (TLRs) (103). While many detected intracellular proteins in
extracellular spaces may be artefacts of sample preparation or indiscriminate cell lysis, cell lysis
under specific circumstances should not be discounted as a genuine source of intracellular protein

release as these proteins likely play important roles in both normal and disease processes.



The formation of neutrophil extracellular traps (NETs) by polymorphonuclear (PMN) leukocytes
or neutrophils is another cell lytic event that results in intracellular protein release (104). Briefly,
the nuclear membranes of neutrophils disintegrate upon exposure to inflammatory stimuli, leading
to the cell filling with nuclear content and the mixing of subcellular compartments. Expulsion of
this mixture of contents results in a fibrous, condensed chromatin structure apparatus that
concentrates granular, cytosolic, and nuclear proteins, many which are antimicrobial or have other
stimulatory activities in inflammation (reviewed in (105, 106)). While neutrophil death is associated
with NET formation (termed NETosis), NET formation can exist distinct from cell death, that is
viable neutrophils will generate NETs and are the lifespans of these cells will not be affected by
NET formation (107). As intracellular protein expulsion is associated NET formation, NETs allow

moonlighting intracellular proteins to hitch a ride into the extracellular space.

1.2.2 Moonlighting intracellular proteins, MMPs, and inflammation

Nearly all non-canonical secretory pathways occur during cellular stress (71, 108). Cellular stress,
such as nutritional stress, endoplasmic reticulum stress, and oxidative stress, are linked to
infammation (109). Indeed, many intracellular proteins non-canonically secreted during cell
stress possess distinct moonlighting extracellular activities important to inflammation, typically as
signaling proteins (1). The activity of MMPs as extracellular proteases is also important to stress
and inflammation as MMP proteolytic activity increases during these states (27, 110). Additionally,
recent MMP research has exposed MMPs fine-tuned controllers of a diverse array of signaling
proteins (reviewed in (8, 16, 28, 73, 111)). Thus, stress and inflammation, by releasing
moonlighting intracellular proteins into the extracellular milieu, provide a previously unexplored
pool of possible proteolytic substrates of MMPs. This includes both non-canonical secretion and

the release of intracellular proteins due to cell lytic events common in inflammation.

The localization of a protein and the exposure of that protein to new interacting partners is not the
only way for a moonlighting protein to alter its function. Post-translational modifications,
specifically proteolytic processing, can allow proteins to switch between activities. Proteolysis not
only enables clearance of extracellular proteins (degradation), but also specific targeted
proteolysis (processing) can switch protein activity (112). This is true of both chemokines found
normally in the extracellular milieu, such is the case of CC chemokine ligand (CCL) 7 converting
from a receptor agonist to an antagonist upon MMP2 cleaving 4 residues from CCL7 (23), and
intracellular proteins moonlighting in the extracellular space. An example of the latter would be

annexin a1, cleaved by neutrophil-derived proteinase 3 in neutrophils to stimulate an inflammatory
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response (113). If intracellular proteins with moonlighting extracellular functions leave subcellular
compartments and are targeted as proteolytic substrates by MMPs, MMPs stand to expand their
roles in processes like inflammation by cutting these moonlighting substrates and modulating their

extracellular activities.

1.2.2.1 Inflammation

The host response to injury, either infectious or traumatic, is inflammation. Involving both a rapid
response to stimuli within hours and resolution phase that can last days, acute inflammation is a
process dependent on multiple cell-types and the products these cells generate. Blood flow
increases to sites of injury carrying with it leukocytes which migrate and invade into the affected
tissues (reviewed in (109, 114, 115)). Part of acute inflammation is the innate immune response,
the first response of the immune system. It is dependent the temporal coordination of migratory
immune cells or leukocytes: first neutrophils, then mononuclear phagocytes. These cells cause a
rapid response in the affected site within hours and ensure this response is attenuated and

eventually terminated days later to prevent additional cells from being recruited.

Neutrophils serve as first response of acute inflammation. These leukocytes are the most
abundant of the white blood cells circulating in peripheral blood (116) and aggressively invade
tissues during infection or injury (117). In addition to using NETs to kill foreign pathogens,
neutrophils release secretory vesicles and granules filled with proteases (118), antimicrobial
peptides (116, 119), and other compounds (120). The destruction of pathogens is furthered by

the respiratory burst of reactive oxygen (121) and nitrogen species (122) produced by neutrophils.

Mononuclear phagocytes constitute the subset of leukocytes that includes dendritic cells,
monocytes, and macrophages (123). These antigen presenting cells both serve as a vital link
between the innate and adaptive immune response and mediate the later stages of inflammation.
Blood monocytes differentiate into dendritic cells and macrophages under the influence of
cytokines (124, 125), although the definition of these cell populations are constantly be revised
as more is learned about them (see (123, 126) for recent reviews). While resident macrophages,
tissue dendritic cells, and migratory dendritic cells are important in surveilling for infection, blood

monocytes hold great significance to acute inflammation.

Circulating monocytes exist in two populations: inflammatory or classical monocytes (human

cluster of differentiation (CD)14°CD167) and patrolling or non-classical monocytes (human
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CD14°*CD16") (127). Patrolling monocytes respond rapidly to infection (128) while also
contributing to the resolution of inflammation by the production of wound healing factors (129).
However, patrolling monocytes only constitute a fraction of the total number of circulating
monocytes. The more numerous inflammatory monocytes begin to migrate to the site of injury
after several hours and continue doing so over days (130), producing proinflammatory cytokines
like tumour necrosis factor (TNF)a while demonstrating higher protease activity (129). These
migrating monocytes eventually overtake neutrophils as the predominant cell-type over the course

of days and direct inflammation into its resolution phase.

Recruited monocytes differentiate to macrophages during inflammation. Macrophages are vital in
regulating inflammation and, like other members of the mononuclear phagocyte system, they are
defined into separate polarized sub-populations constantly being updated as our understanding
of these cells grows (see (131, 132) for recent reviews). Under the influence of specific stimuli,
macrophages are activated to adopt a spectrum of polarized phenotypes loosely referred to as

M1-type classically activated (133) and M2-type alternatively activated populations (134).

M1 macrophages, polarized under the influence of interferon (IFN)y, lipopolysaccharide (LPS),
and TNFa, are proinflammatory, producing respiratory bursts, proinflammatory cytokines such as
IL6 and TNFa, and stimulate a Type 1 helper T cell response aimed to kill intracellular pathogens
(131). Conversely, M2 macrophages are loosely considered anti-inflammatory and are associated
to Type 2 helper T cells (131, 135, 136). Polarized under the influence of IL4 and IL13, M2
macrophages are important in the resolution stage of inflammation as M2 macrophages produce
trophic polyamines, have higher matrix deposition and remodeling capability, and produce various
anti-inflammatory cytokines such as IL10 and transforming growth factor-f (131). Additionally, M2
macrophages have increased scavenger receptor expression and are theorized to have
enhanced phagocytic capabilities (137, 138), but differences in capacity for phagocytosis for this
phenotype have been complicated by conflicting reports (134). However, it is generally accepted
that M2 macrophages are the anti-inflammatory phenotype while M1 macrophages serve more

proinflammatory roles.

1.2.2.2 MMPs and inflammation

The activity of proteases is vital to inflammation. Proteases participate in the antimicrobial
response, process signaling proteins to control inflammatory signaling, and remodel the ECM to

facilitate leukocyte invasion and wound-healing. MMPs are relevant maintaining proper
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homeostasis in inflammation (reviewed in (21, 22, 110, 139)) evidenced by dysfunctional
inflammation in murine MMP knockout models (organized in (22, 140)) and altered activity and
expression of MMPs in human inflammatory diseases (24, 141-147). Moreover, naturally

occurring human MMP variants are also linked to inflammatory diseases (148-152).

Briefly described in the beginning of this chapter, MMPs are carefully regulated by multiple checks
on their activity including zymogen latency, gene expression, protease inhibitors, localization, and
cell/tissue specificity. While both stromal cells and invading immune cells produce MMPs and
several MMPs overlap in cellular source, certain MMPs are specific to cell-types (139). This cell-
type specificity is important to inflammation — given that the response to injury requires specific
cells to act in temporal sequence, first neutrophils and then mononuclear phagocytes, it follows
MMPs specific to those cells aid in regulating inflammation in a temporal manner when MMPs are
activated at the site of injury (22, 110). MMP7 and MMP9, both inducible to proinflammatory
stimuli (22, 27), are expressed by both stromal and immune cells. Conversely, MMP8 and MMP12

are leukocyte-specific, the former in neutrophils (153) and the latter in macrophages (154).

MMP roles in inflammation are dependent on their substrates. While their name implies MMPs
are responsible for ECM turnover to allow cell migration and neovascularization, ambitious
attempts to target aforementioned functions of MMPs as a therapy strategy using broad-spectrum
MMP inhibitors were unsuccessful and elicited unanticipated side effects (155-159). We know
now MMP have a board substrate repertoire beyond the ECM, informative of the so-called “anti-
target” functions of MMPs that should not be targeted by drugs (reviewed in (8, 16, 28, 73, 111,
112)). Many of these anti-target functions are derived from MMP substrates with beneficial roles

in inflammation that should be spared from drugs.

Neoproteins (or cryptic proteins) are products of MMP cleavage that possess cryptic functions
and were discovered early as a class of novel MMP substrates (160). Parent proteins
plasminogen and type XVIII collagen release angiogenesis inhibiting fragments angiostatin (161)
and endostatin (162) respectively upon MMP proteolysis. Fibronectin is cut by MMP2 to release
fragments possessing anti-adhesive function (163). MMP cleavage regulates protein function in
the extracellular milieu by cutting both structural and non-structural parent proteins into new

fragments serving distinct functions.

The list of non-matrix substrates of MMPs has grown to include cytokines (24, 164), chemokines

(23, 25, 165—-168), insulin-like growth factor binding proteins (169), complement (170, 171), tissue
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factor inhibitor (118), and serpins (172). MMP cleavage can increase or decrease the functions
of bioactive molecules or generate completely new functions through proteolysis. Thus the
diversity of MMP-substrate interactions suggests a sprawling protease web that can only be
partially defined by classic matrix substrates (16, 173, 174). To avoid mistakes encountered in
the first MMP inhibitor clinical trials, future research must turn to more robust and sensitive

methods for identifying MMP substrates to better understand MMP functions.

1.2.3 Degradomics

To address the task of uncovering the regulatory web of MMPs, new techniques have emerged.
Degradomics, all the approaches used to study proteases, their inhibitors, and their substrates,
has progressed rapidly in the last two decades (112, 174-176). Distinct from proteomics, the
study of the entire proteome of a biological system, degradomics specifically addresses proteases
and their substrates, leading to speculation of partnerships previously unknown to biology. For
MMPs, conventional hypothesis-driven approaches to identify and validate proteolytic targets

using biochemical methods have been streamlined by degradomics (8).

This revolution in protease biology can be attributed to the substrate degradome. The substrate
degradome is the substrate repertoire of a protease, the substrates a protease can process (177).
Substrates define protease functions, thus screening technologies to find these substrates have
modernized protease research. Degradomics encompasses genomic and proteomic analyses of
protease (16). Innovations such as CLIP-CHIP (178) and quantitative real-time polymerase chain
reaction (179) profile protease, substrate, and inhibitor expression while activity based-probes
assess the activity of proteases (180). However, the substrate degradome is the most relevant

area of degradomics to this thesis.

More dated degradomic techniques such as exosite scanning and inactive catalytic domain
capture with yeast-2-hybrid analysis (23) have proved useful in identifying chemokines as MMP
substrates, yet quantitative proteomic methods are now favored. Quantitative proteomic methods
that capitalize on use of tandem mass spectrometry (MS/MS) are high throughput and discern
differences in proteins (and thus substrates) between samples. These techniques use isotope
labeling strategies including stable isotope labeling by amino acids in cell culture (also known as
SILAC) (181), dimethylation (182), isotope-coded affinity tags (also known as ICAT) (183), and
isobaric tags for relative and absolute quantification (also known as iTRAQ) (184). These screens
reveal changes in substrate levels between proteomes treated with a protease of interest
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compared to an untreated proteome. Adding a protease compared to a buffer to a proteome or
secretome in vitro (185) would be an example. Cell culture systems have proved valuable in
studying the substrate degradomes of proteases, as proteases can be transfected into cells and
compared to control cell lines (39). Protease knock out cells have been used for comparison to
wild-type controls (186). Further, culture experiments can be conducted in the presence or
absence of protease inhibitors (187). Substrate degradomes have also been determined using
tissues in the case of protease knockout animals versus wild-type controls (188, 189) but these

experiments are even more complex than cell culture systems.

What makes quantitative comparisons effective is the relative peptide isotope ratio generated of
protease:control for peptides of each protein identified using MS/MS. A ratio of greater than 1
indicates that peptide levels (and thus the protein) have been increased in the protease treated
sample, whereas a ratio of less than 1 indicates the protein has been degraded by the protease.
Isotope ratios enables substrates to be distinguished from the background proteolysis of the

sample proteome in an unbiased manner.

N-terminomic techniques have also been developed to accomplish two aims of protease studies
in a single experiment. First to find substrates for a protease and second to determine where in a
substrate does a protease cut (the cleavage site). N-terminomic approaches depend on the
chemistry of the N-termini of proteins to isolate proteolytically generated N-termini (also known
as neo-N-termini) from mature N-termini to identify substrates and sites of cleavage. Techniques
such as terminal amine isotopic labeling of substrates (TAILS) rely on reduction and alkylation of
N-termini of proteomes before isotopic labeling (185, 190). What makes N-terminomic techniques
unique is the negative selection strategy that discerns the neo-N-termini generated by the
protease of interest. The negative selection strategy of TAILS depends on a reactive polymer.
After mixing the isotopically labelled protease treated and untreated proteome samples, trypsin is
used to digest the mixture. The reactive polymer removes any tryptic generated N-termini from
the sample. Peptides that have had their N-termini “blocked” by reduction and alkylation before
trypsinization do not react with the polymer, remaining in the mixture to be analyzed by liquid-
chromatography (LC)-MS/MS. These labeled peptides provide the relative peptide isotope ratios
necessary for determining the proteolytic fingerprint of a protease. Other N-terminomic techniques
such as combined fractional diagonal chromatography (191, 192) have also been developed.

Combined fractional diagonal chromatography also relies on a negative selection strategy that
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uses strong cation exchange chromatography, but it will not be discussed further as most

substrate degradome studies have relied on the TAILS method.

The power of degradomic techniques was demonstrated when experiments aimed at finding the
MMP extracellular and membrane-bound substrate degradome in cell secretomes consistently
identified intracellular substrates (39, 186, 187, 193-196). Quantitative screens have both
identified intracellular proteins in secretomes and annotated MMP cleavage sites within them,
suggesting MMPs directly or indirectly (through such processes that include the cleavage of
another protease class inhibitor, activation of zymogen proteases, inactivation of other proteases,
and domain shedding) process intracellular proteins. The only thing holding back the recognition
of these intracellular proteins as MMP substrates has been dogma. Common assumptions such
as protein mislocalization artefacts by cell lysis and sample contamination have hindered
validation of candidate intracellular substrates. However, the non-canonical secretion
mechanisms explored above and growing recognition of the phenomenon of moonlighting has
stimulated interest in pursuing these intracellular proteins as bona fide MMP substrates (8, 16,
73).

1.2.4 Intracellular proteins as a new class of MMP substrates in inflammation

Despite the increasing reports of degradomic screens for MMP substrates, the reality is only a
small fraction of the identified candidate substrates, especially intracellular proteins, have been
validated using biochemical methods in vitro (16). Biochemical validation has clarified MMPs can
directly cleave intracellular substrates, such as MMP14 processing of peptidyl prolyl cis-trans
isomerase A and HSP90 (187). Given that numerous degradomic studies have identified
moonlighting intracellular proteins as MMP substrates, there exists a need to validate these
proteins as bona fide MMP substrates. How MMP processing affects moonlighting intracellular

protein activity also needs to be answered.

The simplest context to begin studying intracellular proteins as MMP substrates is studying
candidate substrates with known extracellular roles. Since most intracellular MMP candidate
substrates have moonlighting functions as alarmins or damage associated molecular patterns, it
follows MMPs may play roles in inflammation by processing these bimodal proteins to initiate
clearance, remove functional domains, or generate new activities from these proteins. Some have
proposed MMP cleavage of intracellular proteins would be necessary for clearance of these
proteins (195), but that denies the possibility that MMP processing might activate functional
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properties of otherwise inactive proteins. Many intracellular proteins have been annotated as
existing in the extracellular space for which no extracellular functions are reported. By testing how
MMP cleavage affects intracellular protein activity in functional assays, studies might uncover
moonlighting functions that are completely novel, only unleashed by MMP cleavage. These

studies will tease apart the additional layers of complexity of MMPs in cellular processes.

Regulation of intracellular alarmins by proteolysis has already been proposed (8, 16, 73). Nuclear
HMGB1 has been reported cleaved by thrombin which attenuates HMGB1 proinflammatory
moonlighting activity (197). As HMGB1, a sepsis mediator (198), is a candidate MMP substrate
(187), MMPs might regulate sepsis by processing HMGB1. Interaction between HMGB1 and
MMP may occur during sepsis, as MMP levels are higher in the blood of sepsis patients (199).
Cytoskeletal vimentin moonlights as a chemokine and is secreted by macrophages following
TNFa stimulation (200). MMP12 and MMP25 processing inactivates vimentin chemokine function
in the human monocytic cell line THP1 but increases phagocytosis in macrophages (201). This
suggest MMPs modulate intricate “find-me” and “eat-me” signals to precisely control inflammatory
processes such as clearance of dying neutrophils by processing moonlighting intracellular

substrates.

1.2.4.1 Aminoacyl-tRNA synthetases as MMP substrates

One class of moonlighting intracellular proteins that are also MMP candidate substrates are the
aminoacyl-tRNA synthetases (39, 177, 185, 186, 189, 196). tRNA synthetases are a family of
subcellular enzymes responsible for linking or charging tRNAs with their cognate amino acids for
incorporation into growing polypeptide chains during translation (202). There are 37 human tRNA
synthetases: 17 encoded in the nucleus, 17 encoded in the mitochondria, and 3 enzymes which
can charge tRNAs in either the cytosol or the mitochondria as “bifunctional” (203). Despite having
one common canonical function in translation, eukaryotic tRNA synthetases are diverse in
molecular weight, primary sequence, and in quaternary structures (204). Not only are eukaryotic
tRNA synthetase heterologous in their biophysical properties, they have appended domains and
sequences not found in prokaryotic homologues which are unrelated to canonical function (204,
205). These novel structural and sequence additions, which can be modulated by alternative
splicing (206) and proteolysis (206, 207), afford eukaryotic tRNA synthetases non-canonical
activities both inside (208-210) and outside (211, 212) the cell, making tRNA synthetases a

cytokine signaling family in their own right. Novel extracellular moonlighting activities have
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implicated tRNA synthetases in regulating many biological processes including inflammation
(207, 213-220).

Of the 37 human tRNA synthetases, 18 have been revealed to processed, either directly or
indirectly, by MMPs in degradomic screens (Table 1.1). 6 tRNA synthetases have been reported
both as MMP substrates and secreted by non-canonical means under the influence of vascular
endothelial growth factor (214), TNFa (213, 214), Fas ligand (221), IFNy (222), cellular stress
(207, 216, 221, 223), and apoptosis (224). These 6 tRNA synthetases have been annotated
cytokine or procytokine activities: histidyl-tRNA synthetase is targeted by autoantibodies in
autoimmune diseases (223), lysyl-tRNA synthetase stimulates migration and TNFa release in
macrophages (213), glycyl-tRNA synthetase stimulates proliferation and migration of multiple cell-
types through cadherin-6 (216), threonyl-tRNA synthetase stimulates endothelial cell migration
(214), fragments of tryptophanyl-tRNA synthetase (WRS) are anti-angiogenic (206), and
fragments of tyrosyl-tRNA synthetase (YRS) act as chemokines (207).

Two non-canonically secreted tRNA synthetases, WRS (full length 1-471 residues) and YRS (full-
length 1-528 residues), have been defined to function as a yin and yang to each other regarding
extracellular moonlighting activity (225). Eukaryotic versions of both of these tRNA synthetases
have appended domains not seen in their prokaryotic homologues that are unnecessary for
aminoacylation activity. However, WRS and YRS differ on which termini these domains are
appended to. The N-terminus of WRS possesses a vertebrate-specific extension (1-60) and a
eukaryotic-specific extension (82-154). Conversely YRS possesses a C-terminal endothelial-
monocyte activating polypeptide II-like (EMAPII) domain. Both WRS and YRS have been reported
to have these domains removed either at the transcriptional level by alternative splicing (226, 227)
or at the post-translational level by serine protease cleavage with neutrophil elastase (206, 228,
229) and plasmin (222, 229) (Fig. 1.1). The effect of this cleavage generates unique moonlighting
activities for each of these tRNA synthetases. Functionally, the removal of the N-terminus of WRS
uncovers its tryptophan binding pocket, allowing the truncated proteoforms to bind vascular-
endothelin cadherin on the surface of endothelial cells resulting in anti-angiogenic activities (230—
233). Cleavage or alternative splicing of YRS results in the splitting of the full-length enzyme into
N- and C-terminal fragments, each possessing cytokine activities (207). The N-terminal fragment
of YRS stimulates endothelial cell migration and proliferation as well as acts as a chemoattractant
of leukocytes (207, 234, 235). The C-terminal fragment of YRS has also been reported to act as

a potent cytokine, inducing TNFa secretion in mononuclear phagocytes and chemoattraction of
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neutrophils (207, 228). Proteolytic processing converts both of these inert secreted tRNA
synthetases into bioactive signaling molecules which can inhibit each other in angiogenesis, thus

earning them yin and yang comparisons (236-239).

Recent interest has been turned to the roles WRS and YRS play in inflammation. WRS has
recently been reported secreted from immune cells exposed to bacterial (215) or viral infections
(217), while YRS has been reported as a general mediator of cellular stress including starvation,
heat shock, and oxidative stresses (240, 241). WRS is found in the blood of sepsis patients with
systemic infections (215) and in the blood of patients suffering from chronic kidney disease (218).
YRS is reported to circulate in blood normally and can be found within platelets at a higher protein
level compared to other tRNA synthetases (242). To study how appended domain removal and
fragmentation affects WRS and YRS moonlighting activities, past research has depended on
using recombinant protein fragments as cleavage analogues (206, 207, 215, 217, 219, 220, 228,
229, 233, 243, 244). Direct proteolytic processing of full-length WRS and YRS has never been
studied even in the case of known WRS and YRS cleaving serine proteases, leaving the
significance of proteolytic regulation for these proteins unclear. Only two serine proteases,
neutrophil elastase (206, 207) and plasmin (222, 229), have been found to cut WRS and YRS,
however even in this context most of the work has centered on how fragments of WRS and YRS
regulate angiogenesis and has depended on recombinant cleavage analogues, never direct
processing of full-length protein into new proteoforms (206, 245). As WRS and YRS are implicated
as MMP substrates (39, 185, 186, 189, 196), studying the relationship between MMPs and these

two tRNA synthetases may reveal previously unknown partnerships in inflammatory processes.

1.3 MMPs as moonlighters

While the focus of this thesis is moonlighting tRNA synthetases as extracellular targets of MMPs,
MMPs also serve as an example of the moonlighting proteins, outsider proteins shuttling within
the cell to perform unexpected roles. A new journey is taking MMP research even further into
unexplored territory, as members of the family are being identified in unexpected locations within
the cell, challenging their definition as extracellular matrix proteases. Here we review novel
moonlighting roles of MMPs in intracellular locations to offer a comprehensive perspective on why

MMPs deserve to shed their traditional “matrix” moniker.

Experimental rigor is required to definitively show that MMPs can function inside the cell and to
interpret such claims. Indeed many initial reports of intracellular MMPs relied upon histology or
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Western blots only, often with just one antibody, leaving the credibility of such claims open to
doubt. For definitive proof of intracellular localization, multiple antibodies should be used that have
been shown in Mmp™ cells to have no background binding and staining and confirmed using
orthogonal techniques such as Edman degradation of extracted intracellular proteins. Subcellular
fractionation of nuclear and cytosolic compartments or subcellular organelles need to be
performed for characterization with convincing, rigorous multiple positive and negative controls.
Immunohistochemical and immunocytochemistry localization needs to be performed using high
resolution imaging and complimented with confocal microscopy analysis which includes 3D slices
throughout the cell where possible to avoid overlap artifacts being interpreted as evidence for
cytosolic/nuclear MMP protein localization and activity. Extraordinary claims require extraordinary
evidence. Alternative explanations also need to be considered and discounted. For example,
extracellular activity of a MMP might lead to altered cell signaling and cell function to indirectly
lead to the phenomena investigated rather than necessarily being due to direct interaction and
intracellular cleavage. As more evidence of multicompartmental proteins with pleiotropic functions
emerges from independent groups using multiple techniques, the holes in cellular networks that

regulate homeostasis will be filled.

MMPs are classically viewed as extracellular, localized to the cell surface and matrix, but they
have been found in other cellular compartments. Some studies are unconvincing as to whether
the MMP is genuinely functioning intracellularly: For example, studies that rely solely upon
immunolocalisation, cell fractionation, or in vitro cleavage of intracellular substrates that may
themselves be located in multiple compartments. Criteria are needed to differentiate studies with
reasonable evidence for intracellular moonlighting MMP functions from those that rely on
insufficient methodology (246): First, demonstration that the MMP interacts specifically with an
intracellular component of the cell, e.g. a shuttle protein or substrate; Second, demonstration that
the interaction plays a physiological role in the cell; Finally, evidence that this role is carried out
away from the extracellular environment. After applying these criteria, there remains compelling
evidence that several, but not all, MMPs moonlight as intracellular proteases (Table 1.2) and have
additional intracellular roles unrelated to proteolysis (Table 1.3). The alternative explanations and
techniques to discount these described in the following section need to be presented. Thus, many

studies are not considered conclusive and so are not further discussed here.
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1.3.1  Mechanisms of subcellular localization

As MMPs are renowned extracellular proteases, it is important to consider how MMPs reach
subcellular compartments. These mechanisms are far from understood and further study is

paramount to understanding the intracellular roles of MMPs.

1.3.11 Faulty secretion

Secreted proteins depend on signal sequences to target them to the endoplasmic reticulum/Golgi
pathway, yet a sizeable number of secreted proteins possess inefficient signal sequences that
keep a fraction of that protein from crossing the endoplasmic reticulum membrane to be targeted
for secretion (247). This has been suggested as a cytosolic-extracellular sorting mechanism for
MMP1, MMP2, MMP8, MMP9, MMP13, and MMP14 (73). The secretion signal sequence of
MMP3 has a helix breaking Pro as the fifth residue from the N-terminus that is proposed to
“‘weaken” the signal peptide (248) similar to calreticulin (249) and allow a fraction of MMP3 to

remain within the cell (248).

Alternative splicing can also target MMPs to subcellular locales. Under basal conditions, canonical
MMP2 isoforms (72 kDa proMMP2, 68 kDa active MMP2) are “targeted” to the cytoplasm by their
inefficient signal sequence (250-252). However, under oxidative stress conditions (250), a
cytoplasmic 65 kDa alternatively spliced N-terminally truncated MMP2 (also known as MMP2yrr.
76) lacking the signal sequence and pro-domain beginning at "’Met is induced in cardiomyocytes.

Thus alternative splicing appears to afford a sophisticated level of control of MMP localization.

1.3.1.2 Cellular re-entry

Secreted MMPs re-enter cells by diverse endocytosis mechanisms: a231 integrins, tetraspanin
CD151, heparin sulfate proteoglycan CD44 (253), cholesterol sulfate of lipid rafts (254), and low-
density lipoprotein related protein 1 (255-257) have all been demonstrated to bind MMPs at the
cell surface (31) and may facilitate internalization, but few examples have been shown
unequivocally (258). Certain cases, such as MMP2 binding integrin avB3, have been debunked
by follow up studies (259) yet evidence for other mechanisms continues to grow. Low-density
lipoprotein-related protein 1-mediated endocytosis has been associated with MMP2 (255, 256),
MMP3 (257), MMP9 (260, 261), and MMP13 (262). The caveolin scaffolding domains of caveolin-
1 and -3 bind to MMP2 in vitro and associate with MMP2 in the endocytic membrane, suggesting

that endocytic caveolae may bring MMP2 to the early endosome (263, 264). MMP7 has been
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observed binding to the cell surface of multiple cell-types including epithelial, cancer (265), and
neural cells (266) via receptors such as CD44 (253), lipid raft components (254), and other bilayer
components (267). MMP9 may bind translocating proteins to move across membranes, as it
associates with the nuclear protein Ku at the cell surface (268). Once inside the cell, vesicles
containing intracellular MMP9 align with the cytoskeleton of neurons and astrocytes (269),
possibly for retrograde trafficking back into subcellular locales. MMP14 is thought to be
endocytosed via clathrin-dependent (270, 271) and caveolae-mediated endocytosis (272, 273)
and has been observed inside fibrosarcoma cells (272), breast and colon carcinomas (274, 275),

glioma cells (274-276), hepatocellular carcinoma cells (277), and normal endothelial cells (273).

Exogenous recombinant proMMP12 (30) and active MMP12 (258) have been observed rapidly
entering HelLa cells. Also, MMP12 secreted from murine macrophages enters murine
cardiomyocytes, human bronchial epithelial cells, or Mmp12~~ fibroblasts when these cells are
co-cultured (30), suggesting a robust and rapid translocation ability for MMP12. Exogenous
MMP12 rapidly binds to the plasma membrane and internal membranes, including the nuclear
membrane, without the need for membrane protein partners (258). The interaction is facilitated
by two complementary structural features on either side of the catalytic cleft that form a
membrane-binding interface that makes favorable electrostatic and hydrophobic contacts with the

head groups of phospholipids in lipid bilayers.

Cargo proteins released from their receptors in the mildly acidic lumen of the early endosome can
be targeted for degradation, yet bacterial toxins and viruses are able to escape endosomes (73,
278). Although lipoprotein-related protein 1-mediated endocytosis is associated with down-
regulation of excessive MMP activity by endocytosis (279), it is unknown if MMPs can escape the
endosome to avoid degradation in the late endosome and lysosome. Inhibiting endosomal
acidification in cultured rat neurons failed to prevent endocytosed MMP7 from cleaving an
intracellular substrate (266, 280), thus the mechanism by which MMP7 escapes from endosomes

appears to be unaffected by pH.

1.3.1.3 Intracellular organelle trafficking

At least 10 MMPs (MMP1, MMP2, MMP3, MMP9, MMP10, MMP12, MMP13, MMP14, MMP15,
and MMP26) and 2 TIMPs (TIMP1 and TIMP4) have been reported in the nucleus (30, 73, 281),
and at least 13 MMPs have putative internal nuclear localization sequences (MMP1, MMP2,

MMP3, MMP8, MMP10, MMP13, MMP14, MMP16, MMP17, MMP19, MMP20, MMP23, and
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MMP24) (1, 281, 282). However, many of these studies must be interpreted with caution as they
have often relied upon one or two criteria only and other explanations are often possible. Mutation
of the nuclear localization sequence of MMP3 drastically reduces nuclear localization (248)
suggesting that this nuclear localization sequence is indeed responsible for nuclear targeting.
ProMMP2, with nuclear localization sequence sites at its C-terminus, has been localized in the
nucleus (283), but whilst active MMP3 enters the nucleus of chondrocytes, proMMP3 does not
(248). It is likely that the nuclear localization sequence of MMP3, situated at the catalytic site, is
masked by the pro-domain and thus nuclear translocation may be regulated by activation state
(73). Exogenous MMP3 can enter chondrosarcoma cells and translocate to nuclei within 15 min,
only to disappear after 60 min, suggesting a sophisticated MMP3 shuttle system balanced
between the nuclear localization sequence and nuclear export signal in the hemopexin domain
(248). Caveolae-associated MMP14, that has a putative nuclear localization sequence (282),
translocates to the nucleus (277) yet MMPs without nuclear localization sequences associated
with clathrin or caveolae-mediated endocytosis can translocate to the nucleus through
undetermined mechanisms (284, 285), possibly by latching on to nuclear translocating proteins
(268).

Co-immunoprecipitation studies of isolated mitochondria from retinas of diabetic mice or diabetic
human donors and their nondiabetic counterparts suggests that MMP9 translocation into
mitochondria relies on the cytosolic molecular chaperones, HSP60 and HSP70, and the organelle
specific translocase of the outer membrane and translocase of the inner membrane receptors,
also known as the TOM/TIM44 complex (286).

To date, we have limited knowledge of the mechanisms of localization of MMPs to other
intracellular compartments. Perhaps the concept that MMPs can function inside the cell is more

widely accepted, there will be more studies into this exciting aspect of MMP biology.

1.3.2 MMP2 within the myocyte and beyond
1.3.21 MMP2 in the cytosol

MMP2 is expressed by almost all cell-types and its classical substrates are denatured collagen
(gelatin) and other ECM proteins. After its discovery within cardiomyocytes (287), analysis of
multiple murine tissues revealed gelatinolytic activity co-localizing with MMP2 inside hepatocytes,
kidney tubuli cells, adrenal cortical cells, and oral mucosal epithelial cells (288). However,

exogenous recombinant MMP2 was not found to pass to the intracellular compartment in Hela
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cells whereas MMP14 and MMP12 rapidly made ingress (30). Additional immunolocalisation,
fractionation, and activity studies have described MMP2 at other intracellular sites, within the
nucleus (283), mitochondria (289, 290), caveolae (263), cytoskeleton (291, 292), and the thick
and thin myofilaments of cardiomyocytes (289, 293, 294). Cytoplasmic MMP2 can be activated
by reactive oxygen species (e.g. peroxynitrite (292)) and inhibition may be mediated by
intracellular TIMPs, e.g. TIMP4 that localizes to thin myofilaments (295), or by compartmental
sequestration by caveolin-1 (263, 264). MMP2 activity also depends on post-translational
modifications including phosphorylation, with at least five phosphorylation sites accessible on the
surface of the enzyme (296, 297), and glutathiolation (298).

1.3.2.2 Cytosolic MMP2 and muscle function

In the cytosol, MMP2 has been defined as an intracellular protease based on extensive study of
its roles in cardiovascular disease such as ischemia-reperfusion injury (also known as I/R injury)
(250, 287). MMP2 is abundant and ubiquitously expressed in cardiomyocytes (298) and inhibiting
MMP2 has yielded defects in heart organogenesis (299). In I/R injury, sudden heart reperfusion
provides cardiomyocytes with the oxygen to produce peroxynitrite, activating MMP2 intracellularly

by thiol oxidation to cleave cytoplasmic substrates (292, 296, 300).

Almost all reported cytoplasmic substrates of MMP2 are associated with the cytoskeleton and
sarcomere, the functional unit of skeletal muscle responsible for muscle contraction (301) (Fig. 1.
1A). These targets include a-actinin (292), troponin | (289), myosin light-chain 1 (293), and titin
(294). Activating MMP2 by infusing isolated rat hearts with peroxynitrite reduced a-actinin content
in the myocardium, and a-actinin levels were restored by inhibiting MMP activity (292). An MMP2-
a-actinin interaction is further supported by co-immunoprecipitation of these two proteins with
MMP2 activity in normal heart tissue extracts (292). Similar analysis suggests MMP2 also
processes myosin light-chain 1 in rat models of acute I/R injury (293), yet the authors, possessing
data for both in vivo and in vitro MMP-generated myosin light-chain 1 fragments, did not compare
the terminal cleavage site residues for identical sequence comparison between models. MMP2
activity towards troponin | is supported by co-localisation and co-immunoprecipitation of the
proteins together in rat heart tissue, coupled with the loss of troponin | fragment generation in rat
I/R injury models upon MMP inhibition (289). MMP2 co-localizes with the sarcomere protein titin
at the Z-disk region of the sarcomere: Exogenous MMP2 added to cardiomyocytes in culture
cleaves intracellular titin, MMP2 inhibition reduces titin cleavage fragments in I/R injured rat

hearts, and MMP2-null mice show less titin degradation when subjected to I/R injury than wild-
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type controls (294). In rat cardiomyoblast lysates, co-immunoprecipitation of MMP2 and glycogen
synthase kinase-3f3 suggests an intracellular interaction (302). Broad MMP inhibition decreases
glycogen synthase kinase-33 kinase activity in oxidative stress models using these cells (302),
intimating intracellular MMP proteolysis of glycogen synthase kinase-3f potentially increases the
pro-apoptotic capacity of glycogen synthase kinase-3f in oxidative stress (287). Thus, proteolytic
cleavage of intracellular substrates by MMP2, activated by oxidation during reperfusion, may

contribute to the loss of cardiac function following reperfusion of ischaemic heart tissue (250).

Immunohistochemistry, immunogold microscopy, and in situ zymography revealed MMP2 in the
Z-lines of the sarcomere, mitochondria, and in the nuclear membrane of skeletal muscle cells
(303). However, with a lack of validation against MMP2 null cells, no known or probed intracellular
partners, and no mention of a possible re-entry mechanism leaves skeletal muscle intracellular
MMP2 an uncertain quantity and reinforces the need for studies designed following the guidelines

discussed in the previous section.

1.3.2.3 Cytosolic MMP2 in hemostasis

Human platelets are reported to contain MMP1, MMP2, and MMP9 (304-306), that each play a
role in platelet activation. Platelets do not store MMPs in their granules, but MMP2 exists in the
platelet “cytoplasm” (304). Typically, the final step of platelet activation requires the Ca*-
dependent protease calpain to cleave cytoskeletal talin, activating the fibrinogen receptor
glycoprotein llb/llla (307). In an alternative pathway, MMP2 can rapidly hydrolyse talin to activate
glycoprotein lIb/llla (308) (Fig. 1.2A). This finding, combined with long-lived MMP2 mRNA in
platelets and a reduced platelet activation capability in MMP2-null mice, suggests that cytosolic

platelet MMP2 participates in hemostasis.

1.3.2.4 Mitochondrial MMP2 in cardiac injury and diabetic retinopathy

Transgenic mice expressing a cardiac-specific mutant of constitutively active MMP2, have
impaired myocardial mitochondrial structure and function, including respiration and lipid
peroxidation, during post-ischemic reperfusion compared to wild-type controls (309). Thus, MMP2
may be a negative regulator of myocardial mitochondrial function under oxidative stress. The
alternatively spliced MMP2 isoform, MMP2xtr.76, localizes to the cytosol, mitochondria, and the
mitochondrial-associated membrane (290), a specialized subdomain of the endoplasmic
reticulum responsible for Ca?* signal transmission between the endoplasmic reticulum and

mitochondria (290). One substrate of mitochondrial oxidative stress-induced MMP2nrr.76, inhibitor
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of kappa B-alpha (IkB-a), reveals a mechanism by which the MMP2 isoform induces mitochondrial
dysfunction (251). IkB-a cleavage leads the release of nuclear factor-kappa B (NF-kB) to the
nucleus for transcription of pro-inflammatory cytokines and mitochondrial stress signals (251)
(Fig. 1.3). However, it must be remembered that IkB-a is rapidly phosphorylated and then
ubiquitinated in the classical activation of NF-kB and this rapid normal mechanism must be clearly

discounted as participatory in this example and not in fact represent the real explanation.

MMP2 mediated mitochondrial dysfunction has also been demonstrated in diabetic retinopathy
(310, 311) where oxidative stress in retinal microvascular cells (pericytes and endothelial cells)
leads to mitochondrial abnormalities (310). Hyperglycemia increases MMP2 abundance and
gelatinase activity in mitochondria of retinal endothelial cells, leading to decreased levels of the
mitochondrial chaperone, HSP60, and the mitochondrial membrane gap junction protein,
connexin 43 (310), both of which are necessary for mitochondrial integrity (Fig. 1.3). Connexin 43
also links the cytosols of adjacent cardiomyocytes through the plasma membrane to mediate
myocardial electrical conduction patterns, perhaps suggesting an additional mechanism by which
inappropriately activated intracellular MMP2 contributes to myocardial dysfunction via disrupting
electrical conduction. In silico prediction of MMP cleavage sites within the connexin 43 structure
suggested that in addition to MMP2, MMP9 might also process the protein (312) as does MMP7
(see MMP7). Mitochondrial MMP2 may destabilize the mitochondrial membrane, allowing
apoptotic signals such as cytochrome c to leak out. MMP-mediated mitochondrial dysfunction
(311) is described as both immediate, disrupting the mitochondrial membrane, and long-term,
where MMP2 accumulates in mitochondria and damages mitochondrial DNA over months,
overwhelming repair mechanisms. Thus, MMP2 may yet prove to be a major mediator of

mitochondrial dysfunction in disease.

1.3.2.5 Nuclear MMP2 activity and apoptosis regulation

MMP2 gelatinolytic activity has been observed in nuclear extracts of rat liver (283), cigarette
smoke-exposed pulmonary artery endothelial cells undergoing apoptosis (313), and
hepatocellular carcinoma cells (277). However, zymograms are exquisitely sensitive and any
contamination of samples by extracellular or membrane-bound MMP2 may in fact account for
some of these reported activities. Nuclear gelatinase activity in neurons (314-316) has been
observed in animal models of cerebral ischemia: Mice lacking superoxide dismutase, an
antioxidant, demonstrated gelatinolytic activity in their cortex neuronal nuclei in focal cerebral

ischemia reperfusion (314), and ischemic rat neurons subjected to transient middle cerebral artery
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occlusion showed increased in situ gelatinolytic activity co-localizing with DAPI-counterstained
neuronal nuclei as early as 15 min after reperfusion (315), but more antibodies need to be used
to be definitive. Finally, many proteases have gelatinolytic activity in biochemical assay and
unexpected or undescribed proteolytic activity of bona fide other intracellular proteases may also

be present and thus needs to be discounted.

The increase and co-localisation of 8-hydroxy-2'-deoxyguanosine (a marker of oxidative DNA
damage) with active nuclear MMPs in mouse models of cerebral ischemia (317, 318), was
inhibited in the middle cerebral artery occlusion rat model by a general MMP inhibitor (319),
prompting study into DNA repair proteins being nuclear MMP substrates. Nuclear gelatinase
activity towards poly-(ADP-ribose) polymerase-1 and X-ray cross-complementary factor 1 (Fig.
1.3A), nuclear enzymes necessary for DNA base excision repair, has been characterized in vitro
and in vivo in neuronal ischemic injury models (317, 319). MMP inhibitors prevented loss of these
repair enzymes, leading to speculation that targeting MMPs early in cerebral ischemia may
prevent neuronal apoptosis (320, 321). Decreases in nuclear abundance of both repair enzymes
and poly-(ADP-ribose) polymerase-1 activity, induced by in vitro models of ischemia reperfusion
in primary rat cortical neurons, was inhibited using a selective MMP2/MMP9 inhibitor, while
extracellular abundance and activity of MMPs remained unchanged in the same models,
indicating nuclear MMP activity towards DNA repair enzymes (317). Co-localization of gelatinase
activity and both repair enzymes in the nuclei of ischemic rat brains, coupled with inhibition of
poly-(ADP-ribose) polymerase-1 and X-ray cross-complementary factor 1 proteolytic fragment
generation in nuclear extracts of these tissues using the MMP2/MMP9 inhibitor further support a
nuclear role for MMP2 (319). However, studies that have identified nuclear MMP2 beyond
neuronal tissues (and several others including MMP1, MMP10, MMP13, and MMP15) depend
upon observational immunohistochemistry data (322), and the only biochemical evidence of a
nuclear interaction comes from co-immunoprecipitation of poly-(ADP-ribose) polymerase-1 and
MMP2 from the nuclei of cardiomyocytes (283). Future nuclear MMP2 research will need to clarify

how MMP2 enters the nucleus and what its function/partners are within.

1.3.3 Moonlighting MMP3
1.3.3.1  Cytoplasmic MMP3 in neuronal dysfunction

Intracellular active MMP3 has been found in dopaminergic cells (323), dopaminergic

neuroblastoma cells (324), hepatocytes (282), chondrosarcoma cells, and in normal and
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osteoarthritic chondrocytes in vivo (248), but the cytosolic role of MMP3 has only been studied in
neural cells (323-326) (Fig. 1.2B). MMP3 is supposedly activated intracellularly by an
undetermined serine protease in murine dopaminergic cells (323). In these same cells, MMP3
expression and intracellular activity was increased during cellular stress and induced apoptosis
upstream of caspase-3 and downstream of c-Jun N-terminal protein kinase: Pharmacological
inhibition of MMP3, siRNA silencing, and MMP3 gene knockout prevented apoptosis and
caspase-3 activation, yet extracellular MMP3 had no effect on cell death. A similar effect of MMP3
on apoptosis was observed downstream of caspase-12 in mouse neuronal cell and animal
models, where MMP3 activity was increased following degradation of intracellular TIMP1 by
caspase-12 (324). The cytosolic targets and intracellular partners of MMP3 that induce apoptosis

have yet to be identified.

1.3.3.2 Nuclear MMP3 as a protease and a transcription factor

MMP3 was first observed in nuclei of hepatocellular carcinoma cells as well as adjacent
hepatocytes and myofibroblasts (282). Transfected CHO-K1 cells, expressing an active MMP3
construct that localized to the nucleus, demonstrated faster apoptosis rates than cells transfected
with a proMMP3 construct that remained in the cytosol (282). Pharmacologic inhibition or active
site mutation of this activated MMP3 construct reduced apoptosis, which despite the lack of
nuclear substrate identification, suggests that nuclear MMP3 proteolysis is a driver of apoptosis
(282) (Fig. 1.3A).

Perhaps the most interesting moonlighting role of MMPs is the regulation of gene expression, a
non-proteolytic role first described for nuclear MMP3 in chondrocytes (248) (Fig. 1.3B): Gel shift
assays and chromatin immunoprecipitation discovered that the hemopexin domain and hinge of
MMP3 bind transcription enhancer dominant in chondrocytes in the connective tissue growth
factor promoter. MMP3 binding to this enhancer rapidly trans-activates transcription and
expression of connective tissue growth factor, a growth factor that drives chondrocyte proliferation
and ECM production. The same study identified nuclear MMP3-associated proteins including
heterochromatin proteins, transcription coactivators/corepressors, RNA polymerase Il, and
nucleosome/chromatin assembly proteins. Thus it appears that MMP3 is a key regulator of ECM
turnover, not only mediating degradation as an extracellular protease but also stimulating

synthesis as a transcription factor in chondrocyte nuclei.
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MMP3 also regulates gene expression in the context of viral immunity (327): MMP3 promoted a
cellular anti-viral response against Dengue virus in cell culture models (Fig. 1.3B). In infected
RAW264.7 macrophages, both MMP3 levels and the expression and secretion of anti-viral
cytokines increased compared to control while intracellular viral loads decreased. This anti-viral
response was lost and NF-kB activity was impaired following MMP3 siRNA silencing. A NF-kB
luciferase reporter assay and co-immunoprecipitation in 293T cells showed that upon Dengue
virus infection, MMP3 moves into the nucleus and directly binds and activates the NF-kB p65
subunit via the hinge and hemopexin domain. NF-kB also enhances MMP3 gene transcription,
suggesting a positive feedback mechanism for MMP3 in viral immunity. MMP3 may be involved
in other NF-kB-regulated immune responses since inhibiting MMP3 pharmacologically (328),
using siRNA (327), or genetically with Mmp3-null mice (329) reduces NF-kB activity in response

to LPS stimulation

1.3.4 MMP7 substrates in mucosal innate immunity and cell-cell communication

Murine small intestine Paneth cells secrete defensins (cryptins) from granules (73) that have
antimicrobial activity once their N-terminal pro-region is proteolytically removed. MMP?7 localizes
to cryptin granules in Paneth cells and processes cryptins (330-332). Similarly, inactive pro-
cryptin-related protein 4C-1 is converted to its bactericidal form by MMP7 processing in vitro (333).
MMP7-null mice lack activated cryptins (330) and cryptin-related protein 4C-1 peptides (333) in
their intestines and are unable to clear infections. Thus, intracellular MMP7 appears to be
associated with mucosal immunity in mice (Fig. 1.2C). Nonetheless, extracellular activities of
MMP?7 that impact intracellular functions may account for this and a MMP7-defensin relationship

has not been demonstrated in humans

Synaptosomal-associated protein of 25 kDa (266), a neuronal cytosolic soluble N-sensitive factor
attachment protein receptor involved in synaptic vesicle exocytosis, was processed in cultured rat
neurons between '®Ala and '®lle to a 15 kDa fragment by exogenously added MMP7. This
cleavage led to long lasting inhibition of vesicle recycling, reduced vesicular protein abundance,
and increased synaptic atrophy (266). Exogenous MMP?7 is proposed to enter the cytoplasm by
clathrin-dependent endocytosis, inhibition of which prevents MMP7-mediated synaptosomal-
associated protein of 25 kDa cleavage. Connexin 43, a mediator of electrical conduction in the
myocardium, is also processed by MMP7: MMP7-null mice showed increased early survival and
favorable heart conduction patterns upon myocardial infarction compared to wild-type mice,

whereas infused MMP7 degraded connexin 43 generating arrhythmia and heart block (334).
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1.3.5 Moonlighting MMP9
1.3.5.1 Cytosolic MMP9 in immunity

Intracellular MMP9 has been demonstrated in human and murine leukocytes (335), human
neuroblastoma cells, rat primary macrophages (336), and murine astrocytes (269), but how
MMP9 reaches intracellular compartments is unknown. The most convincing evidence for
intracellular MMP9 activity has come from studies of human and murine immune cell responses.
Heterotrimeric 5' AMP activated protein kinase monitors the energy status of cells and suppresses
protein synthesis when energy is low (335). The alpha subunit of this kinase is rapidly inactivated
by proteolytic processing to 55 kDa and 35 kDa fragments upon TLR4 stimulation, e.g. by LPS,
to allow production of innate immune response proteins. Intracellular MMP9 may be responsible
for the alpha subunit inactivation: MMP9 coprecipitates with the alpha subunit and generates
fragments resembling the expected alpha subunit cleavage products in vitro. The alpha subunit
is not cleaved in MMP9-null murine leukocytes challenged with LPS in vivo (335). Intracellular
MMP9 protein in leukocytes increases within 10 min of LPS stimulation and intracellular MMP9
can be activated by peroxynitrite produced in inflammation. Thus cytosolic MMP9 may function
as a novel arm of TLR4 signaling in innate immunity (Fig. 1.2D). MMP9 also cleaves other
intracellular substrates in vitro (195), e.g. myosin heavy chain (337), but it remains unclear
whether this is degradation of proteins spilled from damaged cells or bona fide intracellular

cleavage.

1.3.5.2 Mitochondrial and nuclear MMP9 in cellular damage

Mitochondrial MMP9 is proposed to mediate mitochondrial dysfunction (338) by similar
mechanisms to MMP2 (Fig. 1.3) in cardiac mitochondria during cardiac injury (339) and retinal
epithelial cell mitochondria in diabetic retinopathy (311): MMP9-null mice are protected from the
diabetic retinopathy seen in wild-type mice—mitochondrial ultrastructure is preserved, their retinal
capillary cells do not undergo apoptosis, and mitochondrial DNA damage is absent for 7 months
after development of diabetes (286). In bovine retinal endothelial cells cultured in high glucose,
intracellular MMP9 gelatinolytic activity, mRNA, and protein abundance all increase time-
dependently, as does the MMP9 content and activity within the isolated mitochondria of these
cells as well as within isolated mitochondria from the retinas of diabetic rats (311). It must be
cautioned that MMPs in the normal secretary pathway can have activity in cell lysates of course,

but this has to be distinguished from true cytosolic MMP presence and activity. Selective
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pharmacological MMP9 inhibition reduced the apoptosis in the bovine retinal endothelial cell
model induced by high-glucose treatment, suggesting MMP9 proteolytic activity drives apoptosis
in diabetic conditions (340). Decreases in both HSP60 and HSP70 in diabetic wild-type compared
to MMP9-null mice indicate that they may be MMP9 substrates as well as its chaperones,
contributing to mitochondrial dysfunction (286). Connexin 43 may be another MMP9 mitochondrial
substrate leading to cellular damage (286). To capitalize on mitochondrial MMP2 and MMP9 as
drug targets, more research is required to reveal the mechanisms by which they cause cellular

damage.

Nuclear localization and activity of MMP9 has been tied to research of MMP2 in brain tissue
undergoing oxidative stress in animal models of cerebral ischemia (314-317, 319). Evidence of
MMP9 cleavage of both poly-(ADP-ribose) polymerase-1 and X-ray cross-complementary factor
1 (Fig. 1.4A) in vivo and in vitro is provided by the same neuronal ischemic injury models which
revealed nuclear MMP2 activity (317, 319). Unlike MMP2, no co-immunoprecipitation or other
evidence of a direct interaction between MMP9 and the two DNA repair enzymes in the nucleus
beyond observational data or proteolytic inhibition has been provided, emphasizing the need for

well-designed studies focused on proving a direct MMP9-nuclear substrate interaction.

1.3.6 Cytosolic MMP10 and Huntington’s disease

Recent research has identified mutant huntingtin protein as an intracellular MMP10 substrate
(341). Huntingtin protein is associated with microtubules and organelle trafficking (342—344), has
a multitude of intracellular binding partners and consequently has multiple functions. Expression
of mutant huntingtin protein, caused by polyglutamine (poly Q)-encoding CAG expansion in the
huntingtin gene, leads to Huntington's disease where protein aggregates form neurotoxic
inclusion bodies in the nucleus and cytoplasm (341). Truncated mutant huntingtin protein and N-
terminal mutant huntingtin protein fragments generated by proteolysis (345) contribute to toxicity
by inducing apoptosis (346), whereas inhibiting huntingtin protein proteolysis ameliorates toxicity
in certain models (345). This cleavage has been attributed to the intracellular cysteine proteases
caspases (345, 347) and calpains (345), but an RNAI screen of all 514 known and predicted
human proteases identified 3 MMPs (MMP10, 14, 23b) as generating N-terminal toxic huntingtin
protein fragments linked to Huntington's disease pathogenesis (341). Only MMP10 cleaved
huntingtin protein directly in vitro and co-localized with mutant huntingtin protein in an
immortalized striatal cell line expressing transgenic mutant huntingtin protein. Knock down of

MMP10 with siRNA in this cell line reduced huntingtin protein-mediated cell death and improved
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the motor deficits of the Drosophila Huntington's disease model. As study into the normal function
of huntingtin protein continues, its processing by MMP10 might yet reveal this MMP to regulate

non-disease processes in addition to Huntington's disease (Fig. 1.2E).

1.3.7 Non-canonical roles of MMP12 as an immune regulator
1.3.7.1  Non-proteolytic MMP12 in the phagolysosome

Intracellular MMP functions discussed so far are dependent on proteolytic activity save for
transcription factor activity of MMP3. MMP12, expressed by macrophages, has non-proteolytic
roles in the nucleus (30) and phagolysosome (348). MMP12-null mice demonstrate impaired
bacterial clearance and increased mortality in peritoneal and lung models of bacterial infection,
suggesting that MMP12 contributes to the antibacterial function of macrophages (348). Unlike the
bactericidal activity of MMP7, MMP12 achieves bacterial killing by direct, non-proteolytic action
(Fig. 1.2F): MMP12 is localized within phagolysosomes of macrophages where it disrupts the
bacterial cell wall by insertion of a 4 amino acid sequence on an exposed B-loop of the C-terminal
hemopexin domain. This conserved sequence is unique to MMP12. As MMP12 can ftraffic to
additional intracellular membranes and vesicles (258), it appears we have only just begun to

elucidate the intracellular roles of MMP12 in macrophages.

1.3.7.2 Nuclear MMP12 as transcription factor in antiviral immunity

In an in vivo model, MMP12 was shown to regulate viral defense as both an extracellular protease
and a transcription factor (30) (Fig. 1.4B). MMP12-null mice infected with coxsackievirus type B3
or respiratory syncytial virus had greater mortality and increased viral replication in their liver,
pancreatic exocrine tissue, and heart muscle compared to their wild-type counterparts. IFNa, but
not IFNB and IFNy, secretion is inhibited in Mmp12~~ cells, which was characterized as requiring
IkBa. IFNa secretion and IkBa expression are reduced in MMP12 null mice, following
pharmacological inhibition of IkBa-kinase or MMP12, or silencing of MMP12 by RNAI, but are
restored upon transfection with MMP12 or addition of recombinant MMP12 protein. Chromatin
immunoprecipitation, combined with whole genome sequence analysis, demonstrated that the
catalytic domain of MMP12 binds directly to poly (AT) sequences in the NFKBIA promoter where
luciferase reporter constructs revealed it drives IkBa expression and IFNa secretion. This IFNa
promotion activity is balanced by extracellular MMP12 cleavage of IFNa after day 3 of infection
that prevents inappropriate systemic IFNa production in a negative feedback mechanism (30),
contrasting the positive feedback of MMP3 in the anti-viral response (327).
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Macrophage MMP12 was shown to enter the nuclei and bind DNA of infected and non-infected
cells including HeLa and the 1THAEo- human lung epithelial cell line in trans using 8 different
antibodies to different MMP12 domains and Edman degradation of protein bands from nuclear
extracts. Moreover, recombinant MMP12 entered several cells including Mmp12™~ cells: Upon
binding exonal DNA sequences (vs. the promotor sequences that upregulate transcription),
MMP12 inhibited gene expression of both proteasome activator complex subunit 3 and secreted
protein, acidic and rich in cysteine-like among 177 similar targets, an effect lost upon silencing of
MMP12 expression (30). MMP12 not only down regulates transcription of these genes, but also
cleaves the proteasome activator complex subunit 3 intracellularly and secreted protein, acidic
and rich in cysteine-like proteins extracellularly. Thus, MMP12 has “dual regulated substrates”,
targeted at both transcriptional and post-translational levels. By shutting down transcription and
then cleaving the protein, complete silencing of these dual regulated substrates is achieved—an

important new concept in protease biology.

1.3.8 Moonlighting MMP14 proteolytic and non-proteolytic roles

A lack of survival (< 5 weeks postnatal) and postnatal growth defects in MMP 14-null mice, but no
other MMP-null mice, suggests that MMP14 has unique and critical functions in fetal and neonatal

growth and development, many which remain to be discovered (349).

1.3.8.1  Cytoplasmic MMP14 proteolysis

Plasma membrane anchored MMP14, once internalized, traffics through the cytosol to the
centrosome inside vesicles using the tubulin cytoskeleton (350). There, MMP14 reportedly
cleaves pericentrin, an integral centrosomal protein that coordinates the mitotic spindle, leading
to chromatin instability and malignant transformation (Fig. 1.2G). However, this study did not show
cytosolic MMP14 or provide proof that MMP14 transited to the cytosol side of the vesicles to
contact pericentrin. It also utilized the transmembrane deleted mutant form of the enzyme in some
experiments which may not match results for membrane anchored MMP14. Thus cytosolic

MMP14 requires further research into its role in malignant transformation.

1.3.8.2 A signal transducer in MMP14

Plasma membrane MMP14 acts as a cell-surface signaling receptor via its cytoplasmic tail (Fig.
1.2G). TIMP2 binds the hemopexin domain of certain MMPs (351-353). TIMP2, binding to the

hemopexin domain of MMP14, rapidly activates extracellular signal-regulated kinase 1/2 leading
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to proliferation and migration of human MCF-7 breast carcinoma cells, independent of MMP14
catalytic activity (354). While only 20 amino acids long, the MMP14 cytoplasmic tail is a hub for
interaction with multiple proteins and is a target for various post-translational modifications (355).
For example, p130°® was identified as an adaptor protein of the MMP14 cytoplasmic tail (356),
mediating membrane targeting and activation of the Racl G protein necessary for macrophage
migration and fusion during osteoclast and giant cell formation. Impaired macrophage migration
in the MMP14-null mouse is rescued by expression of a MMP14 mutant lacking the extracellular
domain, thus MMP14 appears to have signal transduction activities that are independent of

extracellular ligand binding or proteolytic activity (357).

In the Golgi, where MMP14 transiently interacts with furin during secretion and activation, the
cytoplasmic tail of MMP14 binds factor inhibiting hypoxia-inducible factor-1 (355). During MMP14
secretion, factor inhibiting hypoxia-inducible factor-1 is transferred to Mint3 for sequestration in
the Golgi. In MMP14 deficient macrophages, factor inhibiting hypoxia-inducible factor-1 escapes
to the cytoplasm, hydroxylates hypoxia-inducible factor-1 and prevents hypoxia-inducible factor-
1 stimulation of glycolysis leading to a decrease in ATP production and general impairment of

macrophage activity (355).

1.3.8.3 Nuclear MMP14 as immune regulator modulator

Murine wild-type and MMP14-null macrophages have comparable tissue invasiveness, but the
null macrophages exhibit a heightened proinflammatory phenotype, with increased pro-
inflammatory markers (e.g. IL6) and reduced anti-inflammatory cytokines (e.g. IL10) (358).
Chromatin immunoprecipitation and reporter vector analysis showed that MMP14 regulates the
expression of > 100 genes, many directly linked to immune responses, independent of protease
activity. For example, nuclear MMP14 binds to the p110 promoter and activates transcription of
phosphatidyl-inositol 3 kinase (PI3K)¢, a catalytic subunit of PI3K. PI3K{ triggers an Akt/GSK3
signaling cascade, leading to formation of the Mi-2/NuRD complex of nucleosome remodeling
enzymes that limits pro-inflammatory marker expression in response to triggers like LPS (Fig.
1.4B). Thus, MMP14 acts as a pro-inflammatory response brake, allowing macrophages to
transition from defense to a resolution response. Deletion of the transmembrane domain of
MMP14 eliminated MMP14 trafficking to the nucleus and prevented MMP14 mediated PI3K{
expression. Expression of an MMP14 construct, possessing the extracellular domain tethered to
the membrane using the glycophosphatidylinositol anchor of MMP25 replacing its transmembrane

domain and cytoplasmic tail, in MMP14-null macrophages rescued their gene expression profile,
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indicating that the membrane-anchored MMP 14 extracellular domain possesses the necessary
transcription control elements. The mechanism of nuclear trafficking of MMP14, the nuclear

partners of MMP14, and the elements responsible for p110¢ promoter binding remain unknown.

1.3.9 Cytosolic MMP25 in tumorigenesis

Unlike other MMPs, MMP26 (matrilysin 2) accumulates within cells, auto-catalytically activating
itself with only a fraction being secreted (359). MMP26 is induced by estrogen via an estrogen-
response element in its promoter, suggesting a role for MMP26 in estrogen receptor positive
breast cancer. In tissue microarrays of breast carcinoma, cytoplasmic estrogen receptor a—
dependent expression of MMP26 is inversely correlated with intact ERp in the cytoplasm: MMP26
cleaves estrogen receptor (3 in vitro in the N-terminal region that is responsible for ligand-
independent transactivation, indicating a reduction in estrogen receptor (3 activation in these cells
(360). The cytoplasmic estrogen receptor, estrogen receptor q, is resistant to MMP26 cleavage
(360). Thus, MMP26 appears to participate in an anti-tumorigenic intracellular regulatory loop in
breast cancer cells, degrading and inactivating estrogen receptor 3 and reducing the cellular
response to estrogen stimulation (Fig. 1.2H). MMP26 can also be pro-tumorigenic, activating
proMMP9 in the cytoplasm of human prostate cancer cells leading to increased extracellular
MMP9 proteolysis and invasiveness (361) (Fig. 1.2H). Note that these findings suffer from the
same inadequacies seen in most intracellular MMP studies, including lack of demonstrated direct

interaction between MMP and its intracellular substrate beyond co-localisation observations.
1.3.10 Future directions and conclusions

As we unravel the multifunctional and moonlighting roles of MMPs in various biological processes,
it becomes more obvious that broadly inhibiting MMPs in cancer would lead to failure in clinical
trials (173, 362). At the time, some MMPs had yet to be characterized, and intracellular functions
such as cleavage, activation/inactivation of intracellular substrates, signal transduction, and
control of gene expression were not recognized. Our current knowledge of MMPs has already
recognized them as more than just housekeeping proteases of ECM turnover, but also as
regulators of bioactive signals (8, 16, 28). The coming years will likely give insight into the
evolutionary advantages and functional plasticity that these enzymes grant our proteome by

acting at multiple levels in diverse cellular locations.

Moonlighting MMPs will continue to be discovered in surprising locations performing unexpected
roles. Covered in other reviews (73, 195), intracellular proteins released from cells are substrates
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of extracellular MMPs in healthy and disease states, further expanding the processes that MMPs
can modulate. The discovery of extracellular and intracellular non-matrix substrates is expanding
the degradome of MMPs, and binding gene promoters brings MMPs into the realm of transcription
factors. Thus, using increasingly powerful proteomic (8) and transcriptomic (30) technologies will
become ever more crucial in filling the gaps in our knowledge. These studies into MMP
moonlighting potential may reinstate these proteases as one of the most promising novel drug
targets of this century and may present therapeutic options to target human diseases with

previously limited options (30).

1.4 Aims and hypotheses

The focus of the research explored in this thesis are the bioactive roles MMPs play by processing
extracellular moonlighting tRNA synthetases, specifically WRS and YRS. | am interested in the
proinflammatory moonlighting activities that tRNA synthetases carry out once released into the
extracellular milieu, which MMPs target these enzymes, and how MMP processing affects tRNA
synthetase moonlighting activity. When this research began, little was known of tRNA synthetase
moonlighting function in inflammation with the exception of full-length lysyl-tRNA synthetase (213)
and YRS fragments (207), and even less in how proteolysis affected these moonlighting enzymes.
Thus, little is known about the roles tRNA synthetases play in inflammation or about how MMPs

might affect these roles by processing these enzymes in the extracellular environment.

While recent work that has developed parallel to this thesis has directly implicated both WRS
(215, 217) and YRS (220) as moonlighting proinflammatory cytokines, not only do these works
agree with the major findings of this thesis, they have yet to explore how proteolysis affects these
novel functions. That includes proteolysis that has already been demonstrated by serine
proteases let alone that which | hypothesize occurs by MMPs. If an intact tRNA synthetase
possesses proinflammatory function, then MMPs may inactivate this moonlighting activity by
cleavage. Conversely, if an intact tRNA synthetase lacks activity as a procytokine and requires
proteolysis to acquire activity, similar to known CXC chemokine ligands (CXCL)5 and CXCL8
(25), | hypothesize that MMPs would release bioactive fragments thereby promoting an
inflammatory response. In this thesis the following hypotheses will be reviewed and explored to

understand the roles played by MMP processing.

i) In Chapter 2, | hypothesize that MMPs process and inactivate secreted proinflammatory

WRS. After confirming the secretion of full-length WRS from multiple human cell-types
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including macrophages in response to proinflammatory IFNy, | expressed and purified full-
length WRS to test MMP processing of WRS in vitro. Using proteomic and Edman
degradation methods, the cleavage sites of MMPs in WRS were identified and determined
that MMPs cleave off the N-terminus of WRS to generate stable C-terminal proteoforms.
Full-length WRS was found to possess proinflammatory moonlighting activities in a variety
of cell culture assays, owed to its N-terminal domain extensions. The receptors
responsible for mediating these activities were identified to be TLR2 and TLR4, signaling
through NF-kB inflammatory pathway. Finally, N-terminal truncations by MMPs of full-
length WRS attenuated the proinflammatory moonlighting activities of WRS. These
studies confirmed WRS as a substrate for multiple MMPs, strengthened emerging
evidence that WRS is a crucial proinflammatory mediator, and identified a new role for
MMPs to play in inflammation.

In Chapter 3, | hypothesize that MMPs process and activate secreted YRS as a
proinflammatory cytokine. First, the constitutive secretion of YRS from human cells was
confirmed. | expressed and purified full-length YRS to test the cleavage of YRS by MMPs
in vitro. Proteomic and Edman degradation methods were employed to determine the
locations of MMP cleavage sites in YRS. These analyses demonstrated that MMPs cleave
within the C-terminus of YRS to generate stable N-terminal proteoforms. Full-length YRS
was found to possess proinflammatory moonlighting activities in cell culture assays. TLR2
was determined to be the receptor responsible for YRS proinflammatory activity,
dependent on NF-xB activation. MMP processing potentiated the proinflammatory
activities of YRS. Thus, these studies validated YRS as a substrate for multiple MMPs and
demonstrated MMP processing enhances YRS proinflammatory cytokine activities.
Moreover, it agrees with the most recent report that YRS and its truncated proteoforms

engages TLR2 for moonlighting activity (220).

This thesis and the research presented herein advances our knowledge of the mechanisms
MMPs use to regulate inflammatory responses. Owing to advances in proteomics, we now
know proteases regulate many processes beyond accepted dogma. Investigating the
significance of these substrates has now become a focus of research as more and more novel
activities for moonlighting MMP substrates are discovered and exploited for therapeutic

strategies. Understanding the functions of moonlighting proteins, including tRNA synthetases,
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and how they are regulated by MMP processing will continue to reveal previously unknown

pathogenic mediators and novel drug targets.
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1.5 Tables, figures, and figure legends

Table 1.1 Degradomic identification of tRNA synthetases as candidate MMP substrates.

tRNA 1 2 3 4 5 6 7 Secreted

synthetase (Ref.)

Alanyl- X X X

Arginyl- X

Asparaginyl- X X X

Aspartyl- X X

Glutaminyl- X

Glutamyl/prolyl- X

Glycyl- X X X X (216, 221)

Histidyl- X (223)

Isoleucyl- X

Leucyl- X

Lysyl- X X (213)

Methionyl- X

Phenylalynyl- X

Seryl- X X X

Threonyl- X (214)

Tryptophanyl- X X X (215, 217,
222)

Tyrosyl- X X X (207, 224)

Valyl- X

*X denotes that the tRNA synthetase was identified as a substrate in numbered study specified
above. Study secretomes or tissues were derived from: 1) iTRAQ labeled murine Mmp2”
fibroblasts (186); 2) iTRAQ labelled TAILS analysis of murine Mmp2” fibroblast secretomes
treated with recombinant MMP2 (177); 3) iTRAQ labeled TAILS analysis of murine Mmp2”
fibroblast secretomes treated with recombinant MMP9 (177); 4) Dimethylation labeled TAILS
analysis of murine Mmp2” fibroblasts (185); 5) iTRAQ labeled TAILS analysis of MMP2-null
mouse skin inflammation model (189); 6) iTRAQ labeled TAILS analysis of TNFa-treated
RAW264.7 murine macrophages (196); 7) ICAT labeled human MDA-MB-231 breast carcinoma
cell line (39). ICAT, isotope-coded affinity tags; iTRAQ, isobaric tags for relative and absolute
quantification; TAILS, Terminal Amine Isotopic Labeling of Substrates.
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Figure 1.1 Known truncation sites in WRS and YRS by alternative splicing and serine
proteases.

Truncation sites (|) are shown in schematic diagrams of human WRS (A) or YRS (B) generated
either at the transcriptional level by alternative splicing (*) or at the post-translational level by
proteolysis with serine proteases neutrophil elastase (**) and plasmin (***). Light blue, vertebrate-
specific extension (VSE) domain; dark blue, eukaryotic- specific extension (ESE) domain; yellow,
Rossman fold catalytic domain; green, anticodon recognition domain; orange, endothelial
monocyte-activating polypeptide ll-like (EMAPII) domain. WRS truncation references: alternative
splicing, (226); neutrophil elastase cleavage, (206); plasmin cleavage, (222). YRS truncation
references: alternative splicing, (227); neutrophil elastase and plasmin cleavage, (229).
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Table 1.2 Known proteolytic activities of moonlighting MMPs.

MMP Location Substrate Cell-type Proposed Role | Ref.
MMP2 | Cytoplasm a-actinin Cardiomyocytes Contractile (292)
dysfunction
Tn1 (289)
MLC-1 (293)
Titin (294)
GSK-3p3 Cardiomyoblasts Apoptosis (302)
Talin Platelets Aggregation (308)
Mitochondria | HSP60, Cx43 | Retinal endothelial Apoptosis (310)
cells
IkB-a Myoblastic cells (251)
Nucleus PARP1, Neurons Apoptosis (314,
XRCC1 319)
MMP3 | Cytoplasm ? Dopaminergic Apoptosis (323,
neurons 324)
Nucleus ? Hepatocellular Genetic (282)
carcinoma cells, instability,
CHO cells, apoptosis
myofibroblasts
MMP7 | Cytoplasm Pro-defensins | Paneth cells Murine mucosal | (330-
immunity 333)
SNAP-25 Neurons Synaptic (266)
transmission
loss
Cx43 Cardiomyocytes Gap junction (334)
loss
MMP9 | Cytoplasm AMPKa Leukocytes Innate immunity | (335)
Mitochondria | Cx43, HSP60, | Retinal cells Apoptosis (286)
HSP70
Nucleus PARP1, Neurons Apoptosis (314,
XRCC1 319)

39




MMP Location Substrate Cell-type Proposed Role | Ref.
MMP10 | Cytoplasm Mutant Hit Striatal cells Toxic fragment | (341)
generation
MMP14 | Cytoplasm Pericentrin Glioma, breast, colon | Chromatin (350)
carcinoma cells instability
MMP26 | Cytoplasm ERB Breast carcinoma Anti- (360)
cells tumorigenic
pro-MMP-9 Prostate cancer cells | Tumor invasion | (361)

*? denotes unknown substrate. AMPKa, 5’AMP-actviated protein kinase alpha; Cx43, connexin
43; ER, estrogen receptor beta; GSK-3f, glycogen synthase kinse-3 beta; HSP60, heat shock
protein 60; HSP70, heat shock protein 70; Htt, huntingtin; IkB-a, inhibitor of kappa B-alpha; MLC-
I, myosin light-chain I; MMP, matrix metalloproteinase; PARP1, poly-ADP-ribose polymerase1;
SNAP-25, synaptosomal-associated protein of 25 kDa; Tnl, troponin I; XRCC1, X-ray cross-
complementary factor 1.
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Table 1.3 Known non-proteolytic activities of moonlighting MMPs.

factor

MMP Location Action Domain Cell-type Proposed role Ref.
MMP3 | Nucleus Transcription Hemopexin + | Chondrocytes CCN2/CTFG expression (282)
factor hinge
RAW264.7 NF-kB activation, DENV (327)
macrophages response
MMP12 | Cytoplasm Bactericidal Hemopexin Macrophages Cell wall disruption (348)
(phagolysosome)
Nucleus Transcription Catalytic or Fibroblasts, Anti-viral response (30)
factor full length myocytes,
MMP12 bronchial epithelial,
macrophages
MMP14 | Cytoplasm Signaling Cytoplasmic | MCF-7 cells Proliferation (354)
tail
Macrophages Motility, fusion, energy (355-357)
regulation
Nucleus Transcription Extracellular | Macrophages Inflammation (358)

CCN2/CTGF, connective tissue growth factor; DENV, Dengue virus; MMP, matrix metalloproteinase; NF-kB, nuclear factor-kappa B.
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Figure 1.2 Activities of cytoplasmic MMPs.

Matrix metalloproteinases (MMPs) inactivate (flat head) or activate substrates (arrow head). (A)
MMP2 cleaves a-actinin (a-act), (292), troponin | (Tnl) (289), myosin light-chain | (MLC-I) (293),
and glycogen synthase kinase 3 (GSK-38) (302) in cardiomyocytes and talin (302) in platelets.
(B) Both c-Jun N-terminal kinase (JNK) (323) and endoplasmic reticulum stress (324) (via
caspase-12 cleaving tissue inhibitor of matrix metalloproteinases-1 (TIMP-1)) both activate
neuronal MMP3 in apoptosis. (C) MMP7 activates mucosal innate immunity by cleaving pro-
cryptins (330-332) and pro-cysteine-rich sequence 4C (CRS4C) peptides (333). MMP7 disrupts
cell communication by cleaving synaptosomal-associated protein of 25 kDa (SNAP-25) (266) and
connexin-43 (Cx43) (334). (D) MMP9 regulates the Toll-like receptor 4 (TLR4) response to
lipopolysaccharide (LPS) by cleaving 5’AMP-actviated protein kinase (AMPK) (335). (E) MMP10
generates toxic Huntingtin (Htt) products by cleaving mutant Htt (341). (F) The phagolysosome
kills bacteria using cell wall disrupting MMP12 (348). (G) MMP14 cleaves pericentrin (350) while
its cytoplasmic tail acts a signal transducer through extracellular kinase 72 (ERK1/2) (354), Racl,
p130°® (356), and hypoxia-inducible factor-1 alpha (HIF-1a) via factor inhibiting HIF-1 (FIH-1)
(357). (H) MMP26 inactivates its own transcription factor, estrogen receptor 8 (ERpB), in breast
cancer (360) yet activates proMMP9 in prostate cancer cells (361).
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Figure 1.3 Mitochondrial MMPs and cellular damage.

Matrix metalloproteinases (MMPs) inactivate (flat head) or activate substrates (arrow head). 68
kDa active MMP2 and 65 kDa truncated MMP2 (MMP2nrt.76) exist in both the mitochondria and
mitochondrial associated membrane (290). Oxidative stress drives both MMP2yrt.76 expression
and reactive oxygen species (ROS) generation, leading to MMP2 proteolysis of heat shock protein
60 (HSP60) and connexin 43 (Cx43) (310). Hyperglycemia drives both MMP2 and 9 mitochondrial
accumulation (311). Mitochondrial damage ensues, leading to cytochrome c release and
apoptosis. MMP2nrr.76, that cleaves inhibitor of kappa B-alpha (IkB-a), allows nuclear factor kappa
B (NF-kB) to activate pro-inflammatory and mitochondrial stress gene expression (251). MMP9
enters mitochondria through the translocase of the outer membrane and translocase of the inner
membrane receptor 44 complex (TOM/TIM44) chaperoned by HSP60 and 70 (286). Both
hyperglycemia and oxidative stress induced ROS (339) drive mitochondrial MMP9 accumulation.
Potential downstream substrates that induce mitochondrial dysfunction include Cx43, HSP60,
and 70 (286).
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Figure 1.4 MMPs as nuclear proteins.

Matrix metalloproteinases (MMPs) inactivate (flat head) or activate substrates (arrow head). (A)
MMPs act as nuclear proteases associated with genetic instability and apoptosis. MMP2 and 9,
activated by oxidative stress induced reactive oxidative species (ROS), cleave DNA repair
enzymes poly-ADP-ribose polymerase1 (PARP1) and X ray cross-complementary factor 1
(XRCC1) (314, 319), leading to genetic instability. MMP3 is found in multiple cell-type nuclei (248,
282, 323, 324) and is thought to contribute to apoptosis. (B) MMPs have multiple transcription
factor activities. MMP3 associates with nuclear MMP3 associated proteins (NUMAPS) to drive the
connective tissue growth factor (CCN2/CTGF) gene expression in chondrocytes (324) and binds
nuclear factor-kappa B (NF-kB) in the anti-Dengue virus (DENV) response (327). Macrophage
secreted MMP12 acts in trans on nearby cells, entering nuclei to drive the gene (NFKBIA)
encoding inhibitor of kappa B-alpha (IkB-a) (30). Phosphorylated (P) IkB-a stimulates interferon
a (IFNa) secretion, vital for viral clearance. MMP12 degrades secreted IFNa to limit systemic
toxicity. Normally MMP 14 drives phosphatidyl-inositol 3 kinase delta (PI3K{) expression using the
p110C¢ promoter in macrophage (358). This stimulates a PI3K{/Akt/glycogen synthase kinase 3
(GSK3) cascade to activate the Mi-2/NuRD complex of nucleosome remodeling enzymes,
stopping an overactive pro-inflammatory response via gene control.
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Chapter 2: Matrix metalloproteinases inactivate the proinflammatory functions of

secreted moonlighting tryptophanyl-tRNA synthetase
21 Synopsis

Tryptophanyl-tRNA synthetase (WRS), a cytosolic aminoacyl-tRNA synthetase essential for
protein synthesis, is one of a growing number of intracellular proteins that are attributed distinct
non-canonical “moonlighting” functions in the extracellular milieu. We report that WRS was
secreted from human macrophages, fibroblasts, and endothelial cells in response to
proinflammatory interferon (IFN)y and was a potent monocyte chemoattractant. WRS signaled
primarily through Toll-like receptor 2 (TLR2) leading to TNFa and CXCL8 (IL8) secretion from
macrophages and phosphorylation of the p65 subunit of NF-kB with associated loss of IkB-a
protein. WRS increased matrix metalloproteinase (MMP) activity in the conditioned medium of
macrophages in a TNFa-dependent manner. Multiple MMPs, but primarily macrophage MMP7
and neutrophil MMP8, cleaved secreted WRS at several sites. Notably, cleavage at “*Met
matched the N-terminus of a known alternatively spliced WRS proteoform. Designated A1-47
WRS, MMP-cleaved WRS lacked TLR signaling and proinflammatory activities. Thus, our data
suggests that moonlighting WRS promotes IFNy proinflammatory activities with MMPs providing

negative feedback to later dampen these responses.

2.2 Introduction

Aminoacyl-tRNA synthetases perform the crucial task of ligating amino acids to their cognate
tRNA molecules during protein translation. Unexpectedly, many aminoacyl tRNA synthetases are
multifunctional proteins (8, 363) that perform additional cellular functions both within (210, 364)
and outside the cell (5, 204). Despite the lack of traditional signal peptides, several tRNA
synthetases are secreted by non-classical means (207, 213-215, 217, 221, 222, 224) and
perform extracellular “moonlighting” roles — notably regulation of several processes including
infammation (204, 211, 212, 365).

The moonlighting functions of the aminoacyl-tRNA synthetases are primarily mediated by
additional domains in higher eukaryotic tRNA synthetases (204, 227). Eukaryotic tryptophanyl-
tRNA synthetase (WRS) (53 kDa, 471 residues) has N-terminal extensions known as the
vertebrate-specific extension (VSE) (residues 1-60), also called the WHEP domain, and the

eukaryotic-specific extension (ESE) (residues 82-154), which are not required for aminoacylation
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and indeed are absent from its prokaryotic homologues (206, 366). WRS can be alternatively

spliced to a proteoform lacking the N-terminal 47 residues, designated as A1-47 WRS (226, 367).

Interferon (IFN)y is a proinflammatory cytokine that in human umbilical vein endothelial cells up-
regulates the expression of cytosolic WRS and A1-47 WRS (222, 226, 367-371), as well as their
secretion (222). WRS is also rapidly secreted from immune cells in response to both bacterial
(215) and viral infections (217), suggesting its potential role in inflammation and immunity.
Functional differences between WRS and alternatively spliced A1-47 WRS remain unclear. In
vitro, neutrophil elastase generates stable WRS products, A1-70 WRS and A1-93 WRS (206),
and WRS is also cleaved by plasmin (222). Unlike full-length WRS, elastase-truncated forms of
WRS gain angiostatic properties through inhibition of endothelial cell migration, proliferation (206,
372), and angiogenesis (233). The effects of cleavage on inflammatory functions of WRS are

unknown.

Macrophages adopt a spectrum of cellular phenotypes depending on their mode of activation
(133, 137), ranging from the most polarized proinflammatory (M1) macrophages to anti-
inflammatory (M2) macrophages that contribute to the resolution of inflammation, promote
healing, and extracellular matrix reformation. Differentiation to M1 macrophages is induced by
IFNy, as well as tumor necrosis factor alpha (TNFa) (24, 131, 132). IFNy-activated macrophages
express several matrix metalloproteinases (MMPs), including MMP7 that has long been
associated with macrophage function and is often stated to be destructive in inflammation (22,
330). M2 macrophage polarization is induced by interleukin 4 (IL4) (131, 132).

MMPs not only degrade extracellular matrix proteins, but also process virtually all chemokines
and a multitude of other signaling factors (8, 21, 23, 24, 189, 196, 373). This has led to a shift in
interest to their signaling roles, especially in dampening inflammation and that defines MMPs as
anti-targets in many pathologies (362). We have previously identified WRS as a candidate MMP
substrate using degradomics (39, 186, 196), i.e. proteomics techniques for the analysis of
proteolysis, with quantification enabled by isotope-coded affinity tags (ICAT) (39), isobaric tags
for relative and absolute quantification (iTRAQ) (186), or by Terminal Amine Isotopic Labeling of
Substrates (TAILS) that identifies the cleavage-sites themselves (189, 196). Here, we report the
effects of IFNy on WRS expression and secretion from macrophages as well as proteolytic

processing of WRS by MMPs. We describe how cleavage of the N-terminus of WRS to the A1-47
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WRS proteoform by MMP7 and MMP8 abrogates its proinflammatory functions, aligning with

other well documented anti-inflammatory activities of MMPs.

2.3 Results
2.3.1 Secretion of WRS was induced by IFNy

To investigate potential inflammatory roles of WRS, we profiled the secretion of WRS in response
to cytokine stimulation of macrophages. THP1 monocytes were differentiated to a macrophage-
like phenotype (THP1 MO) using phorbol 12-myristate 13-acetate (PMA). After treatment with IFNy
(20 ng/mL), TNFa (40 ng/mL), or IL4 (40 ng/mL), we collected cytosolic, membrane, and
conditioned media fractions. Immunoblot analysis using antibodies recognizing the N- or C-
terminus of WRS (aN-WRS and aC-WRS, respectively) showed that only the pro-inflammatory
IFNy increased cytosolic WRS levels (N = 3; Fig. 2.1A). IFNy also increased WRS in the cell
membrane and conditioned medium fractions, indicating that WRS translocated to the plasma
membrane and was secreted to the medium upon IFNy stimulation in M1 macrophage polarization
(Fig. 2.1A). Several lower molecular weight proteoforms of WRS were identified in the cytosol and
conditioned medium following IFNy stimulation. Predominant detection by the aC-WRS antibody
revealed that these were N-terminally truncated. The effect on WRS was IFNy-selective as IL4,
TNFa (Fig. 2.1A), IFNa, and IFNB (N = 3; Fig. 2.2A) had no effect on WRS protein levels or
secretion. The absence of tubulin in the conditioned media supported secretion of WRS rather
than cell lysis, and the absence of the plasma membrane protein Na*/K* ATPase in the cytosolic

fractions confirmed the fidelity of cell fractionation.

We isolated human monocytes from the peripheral blood mononuclear cells (PBMC) of three
healthy human subjects. Monocytes were differentiated into primary MO macrophages using
monocyte-colony stimulating factor, and then cultured with IFNy (20 ng/mL) or IL4 (40 ng/mL) to
induce polarization to proinflammatory M1 or M2-type macrophages, respectively. Polarization
was confirmed using the M1 marker indoleamine 2,3-dioxygenase and M2 marker
transglutaminase 2 (Fig. 2.1B). Immunoblot analysis of cell lysates showed that, as with the
THP1-derived macrophages, full-length WRS and additional smaller WRS proteoforms were
markedly increased only in response to IFNy. This included a form migrating like A1-47 WRS that
was only detected by aC-WRS. Again, the absence of tubulin in the conditioned culture medium

confirmed that there was little if any non-specific release of cytoplasmic proteins by cell lysis.
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A time-dependent increase in WRS expression and secretion up to 48 h occurred in response to
20 ng/mL IFNy in THP1 MO, endothelial cells (N = 3; Fig. 2.1C, D), and BJ human skin fibroblasts
(N =2; Fig. 2.1E), again with no change in tubulin protein. WRS secretion was dependent on IFNy
concentration, with 10 ng/mL inducing maximal WRS secretion (N = 3; Fig. 2.2B). The secreted
proteoforms detected by each antibody were consistent in size between cell-types: aN-WRS, ~41,
39, and 32 kDa; aC-WRS, ~48 and 36 kDa, and these matched the electrophoretic migration of

intracellular forms.

2.3.2 WRS stimulated proinflammatory monocyte and macrophage activities

Phosphorylation of the p65 subunit of NF-xB leads to upregulated transcription of multiple
cytokines and chemokines, including TNFa, in macrophages and a variety of other cells (103).
WRS (100 nM) treatment of THP1 MO cells induced phosphorylation of p65 coincident with a
decrease in protein levels of the NF-«xB pathway inhibitor 1kB-a (N = 3; Fig. 2.3A — C). Both
responses were maximal at late time points indicating that NF-xB was activated by an indirect

pathway.

ELISA showed that WRS (100 nM) also stimulated TNFa release from THP1 MO cells, but A1-47
WRS or heat denatured WRS did not (N = 3; Fig. 2.3D), indicating that both the N-terminus and
tertiary structure of WRS are important for signaling. We used an antibody-array to screen for the
secretion of 36 different cytokines and chemokines from human PBMC-derived primary
macrophages in response to 100 nM WRS (Fig. 2.4), which confirmed that WRS increased TNFa.
protein secretion, in addition to MIP-1a/3, CXCL8 (IL8), and CXCL1 (N = 2; Fig. 2.3E).
Recombinant A1-47 WRS did not stimulate cytokine and chemokine release from PBMCs (Fig.
2.3E).

WRS displayed chemoattractant activity for monocytes in transwell migration assays (N = 3; Fig.
2.3F) (23). As with chemokine secretion, WRS chemoattractant activity was lost upon removal of
the N-terminal 47 residues of WRS and heat denaturation (Fig. 2.3F). Thus, the N-terminal region

of WRS in particular is essential for its signaling and proinflammatory responses.

2.3.3 WRS signaled via Toll-like receptors 2 and 4

Several pattern recognition receptors mediate innate immune signaling, including the Toll-like

receptor (TLR) family in monocytes and macrophages (103, 374). We used HEK293 cells

49



transfected with a NF-xB alkaline phosphatase reporter linked to TLR2, TLR4, or TLR9, the
intracellular DNA receptor as a negative control (Fig. 2.5A). We found that TLR2 and TLR4 were
significantly stimulated by WRS, but not by A1-47 WRS (100 nM) (N = 3; Fig. 2.5A), consistent
with the loss of activity of A1-47 WRS on TNFa release from THP1-derived MO macrophages
(Fig. 2.3D). Likewise, boiling of WRS led to loss of activity. Thus, the N-terminal sequence and
fold of WRS are critical for TLR2 and TLR4 receptor engagement and signaling.

Next, we found that the NF-xB pathway inhibitor BAY11-7082 (10 uM), an IxB kinase inhibitor
(375, 376), C29 (100 uM), a specific inhibitor of TLR2 signaling that disrupts the intracellular
recruitment of myeloid differentiation primary response gene 88 to TLR2 (377), and 1 ug/mL CLI-
095, a cyclohexane derivative that disrupts the intracellular domain of TLR4 (378, 379), all blocked
TLR activation from the WRS-treated reporter cell lines (N = 2; Fig. 2.5B, C). This was confirmed
using an antibody specific for TLR2 (aTLR2) or for TLR4 (o TLR4) before 100 nM WRS treatment
(N = 2; Fig. 2.5D, E). Notably, the alkaline phosphatase readout for TLR2 was ~10-fold greater
than for TLR4 indicating that signaling via TLR2 was the dominant pathway.

The effects of the signaling inhibitors in blocking TLR2 and TLR4 signaling at the concentrations
used for the TLR reporter cells was confirmed using macrophages. We measured TNFa release
from THP1-derived MO macrophages incubated in the absence and presence of TLR signaling
inhibitors and 100 nM WRS by ELISA. All inhibitors blocked TNFa release from WRS-treated
THP1 MO cells (N = 2; Fig. 2.6A). This was confirmed using the TLR2 and TLR4 blocking
antibodies. TNFa release in THP1 MO cells was reduced 40% by 5 pug/mL of aTLR2, 25% by
oTLR4 antibody, and 80% by a combination of these antibodies, compared to antibody isotype
controls (N = 2; Fig. 2.6B). Thus, these results and those from the reporter cells demonstrated
that WRS triggers TLR2 especially, with a minor contribution by TLR4, to stimulate NF-xB

activation and TNFa release in macrophages.

We had removed lipopolysaccharide (LPS), a potent heat-stable proinflammatory TLR stimulator,
from our E. coli-expressed recombinant WRS using Triton X114 during bacterial cell lysis and
using polymyxin B-agarose columns after purification. Furthermore, in all experiments 10 pg/mL
polymyxin B was added to all cultures where WRS was used. To be fully confident that WRS, and
not any contaminating LPS, drove the proinflammatory effects seen, the recombinant WRS and

A1-47 WRS used for all presented experiments was expressed in E. coli ClearColi® BL21 (DE3)
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cells, which produce a modified LPS lacking both the oligosaccharide chain and two of the six
acyl chains required for endotoxin signaling in human cells (380, 381). As the limulus amoebocyte
lysate test for endotoxin is ineffective for proteins prepared from ClearColi® (380), we further
confirmed that the recombinant WRS proteins were free of LPS by demonstrating that the removal
of 10 ug/mL polymyxin B from cell culture experiments did not increase TNFa secretion in
response to 100 nM WRS, whereas addition of 100 ng/mL LPS did (N = 4; Fig. 2.7A). Heat-
denaturation of WRS also eliminated TNFa release even in the absence of polymyxin B,
confirming the absence of heat-stable LPS. (N = 4; Fig. 2.7B).

2.3.4 WRS was cleaved by MMPs

MMPs regulate inflammation by processing bioactive proteins to alter their function (22, 24, 382).
MMP cleavage of WRS was explored using 9 recombinant MMPs (Fig. 2.8A), which generated
stable cleavage products rather than degrading WRS (Figs. 2.8A, B): MMP7, MMP8 and MMP13
processed WRS most efficiently with little intact WRS remaining; MMP2, MMP3, MMP9, and
MMP14 also cleaved WRS; whereas MMP1 and MMP10 cleaved WRS poorly. Activity for all
MMPs was confirmed using quenched fluorescent peptide cleavage assays (not shown). Hence,
the lack of activity on WRS by MMP1 and MMP10 was due to specificity differences. The spectrum
of activity towards WRS was reflected by dose response digests (Fig. 2.8B), which showed that
MMP8 and MMP7 cleaved WRS entirely at 1:10 MMP:WRS molar ratio compared to MMP14
which could not entirely digest WRS at a higher molar ratio of 1:5. Plasmin and neutrophil elastase

were included as positive controls.

Edman N-terminal sequencing of the major MMP7 and MMP8 cleavage products (Fig. 2.9)
revealed that WRS was cleaved at “®Met by both MMPs to generate A1-47 WRS (~48 kDa),
homologous to the A1-47 WRS alternatively-spliced proteoform, and by MMP8 at “Val to
generate A1-90 WRS (~39 kDa). Both MMPs produced a smaller C-terminal WRS proteoform
(A1-334 WRS) commencing at ***Leu at the junction of the catalytic and anticodon recognition
domains (Fig. 2.9). Peptide mapping using liquid chromatography tandem mass spectrometry
(LC-MS/MS) analysis of SDS-PAGE-resolved MMP-cleaved WRS fragments confirmed both N-
and C-terminal truncations of WRS (Fig. 2.10). Other members of the MMP family generated
similar proteoforms of WRS: MMP2, MMP3, MMP7, MMP8, MMP9, MMP13, and MMP14 also
produced a ~48-kDa fragment matching the A1-47 WRS alternatively-spliced mini-WRS. MMP2,
MMP3, MMP8, MMP9, MMP13, and MMP14 generated a ~43-kDa proteoform; and MMP3,
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MMP8, MMP9, MMP13, and MMP14 generated a ~39-kDa band comparable with the A1-93 WRS
product of neutrophil elastase cleavage (Fig. 2.8B). Since peptide mapping by shotgun
proteomics does not necessarily identify the actual neo N-terminal P1’ residue of the cleavage
site, Amino-Terminal Oriented Mass Spectrometry of Substrates (ATOMS), a sensitive targeted
mass spectrometry sequencing method for identifying proteolytically generated N-termini (383,
384), was employed. Like Edman degradation, ATOMS identifies N-terminal residues without
consideration of their relative abundances in a proteolytically digested mixture, but ATOMS is
much more sensitive. ATOMS identified > 30 cleavage sites, including those characterized by
Edman sequencing, many of which were common to several MMPs and resulted in N- and C-

terminal deletions (Fig. 2.11).

2.3.5 MMP-cleavage attenuated the WRS-induced proinflammatory response

We tested how cleavage of WRS by MMP7 and MMPS8 affected the WRS-induced
proinflammatory responses of monocytes and macrophages (Fig. 2.12A, B). Cleavage of WRS
by MMP7 or MMP8 decreased chemotaxis of THP1 monocytes by 87% and 76%, respectively, in
Transwell migration assays (N = 3; Fig. 2.12A, C). Similarly, 100 nM WRS-induced TNFa release
from THP1-derived MO macrophages was reduced by 99% and 84% upon MMP7 or MMP8
cleavage, respectively (N = 4; Fig. 2.12D). Thus, the removal of the N-terminus of WRS by MMP7
and MMP8 abrogated both chemotaxis and TNFa stimulatory responses in THP1
monocytes/macrophages. In other words, proinflammatory TLR signaling by extracellular WRS

was inactivated by N-terminal proteolytic processing.

TNFa is known to induce the expression of MMPs (44). Since we showed that WRS induced
TNFa secretion from macrophages, we tested whether WRS promoted MMP expression via
TNFa. Inflixamab (100 ng/mL), a monoclonal antibody inhibitor of TNFa, was added to THP1-
derived MO macrophages treated with 100 nM WRS, A1-47 WRS, or 40 ng/mL TNFa as a positive
control. Using a quenched fluorescent peptide cleavage assay we assayed for MMP activity in
the conditioned medium: WRS treatment increased MMP activity with similar potency to TNFa. (N
= 3; Fig. 2.13), but A1-47 WRS had no effect indicating that the increase in MMPs was dependent
on the N-terminal domain of WRS. Furthermore, the inclusion of Inflixamab with WRS abrogated
the increase in MMP activity. Therefore, WRS mediates increased MMP protein secretion and

activity through the downstream mediator TNFa.
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2.4 Discussion

Our study reveals that WRS, one of 37 nuclear- and mitochondrial-encoded tRNA synthetases
(203), is specifically secreted from human macrophages and other cell types in response to IFNy,
a cytokine critical to both innate and adaptive immunity that is produced during in the initiation of
immune responses (385, 386). The mechanism of secretion remains unclear, but may be similar
to endothelial cells stimulated with IFNy, where cytosolic WRS interacts with two known
exocytosis-regulating proteins, cytoplasmic annexin A2 and S100A10 (222), to control WRS

secretion.

We found several extracellular proinflammatory functions for WRS, including induction of
monocyte chemotaxis and stimulation of the release of proinflammatory TNFa and several other
chemokines from macrophages, most notably the potent neutrophil chemokine IL8. We also
determined that WRS activated the TLR2, and to a lesser extent TLR4 pathways, followed by
phosphorylation of NF-xB subunit p65 and loss of the NF-xB inhibitor IkxB-a. This is consistent
with two recent reports showing that WRS engages the TLR4-myeloid differentiation factor 2
complex to stimulate an innate immune response in murine bone marrow derived macrophages
(215, 217). These authors found the first 154 residues of WRS was necessary to form the TLR4
complex (215). Our data refined this observation where we showed that recombinant A1-47 WRS,
corresponding to the WRS splice form that was upregulated in the cytosol by IFNy, and the major
cleavage product of WRS generated by both MMP7 and MMPS8, did not activate TLR2 or TLR4

and was inactive in all signaling and inflammatory pathways that we investigated.

In our study, the maximal NF-kB response occurred at 1 h, which is considerably later than is
typical for an immediate direct response (387), suggesting a signaling relay, which we showed
included TNFa. Indeed, TLR2- and TLR4-dependent release of TNFa into the medium led to
increased MMP expression and activity. We showed that MMPs, particularly MMP7 and MMP8
that are secreted from macrophages and neutrophils, respectively, cleaved in the N-terminal
domain of WRS to generate A1-47 WRS as one of their products. This major cleaved form of
WRS was inactive on TLR2 and TLR4. In line with these observations, MMP cleavage of WRS
reduced TNFa release and monocyte chemotaxis, revealing a negative feedback loop mediated
by MMPs that suppresses the proinflammatory actions of WRS (Fig. 2.14). Thus, MMPs in this

context dampen inflammatory responses.
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The distinct activities of full-length WRS and truncated proteoforms suggested that MMPs
modulate IFNy induced inflammatory processes through proteolysis of WRS. It is interesting that
both MMPs and serine proteases (neutrophil elastase (206) and plasmin (222)) from different
cellular and tissue sources generate similar lower molecular weight forms through extracellular
proteolysis as alternative splicing does within cells, namely the N-terminal truncation of WRS to
A1-47 WRS. Redundancy of proteases cleaving WRS would afford different cell-types the ability
to control the resolution of innate immune responses, further indicating the importance of WRS in
host defense. As initially proposed by Jin (365), and since both alternatively spliced A1-47 WRS
and neutrophil elastase-generated WRS proteoforms exhibit anti-angiogenic activity (206), we
hypothesize that increased secretion of WRS and accumulation of MMP-generated N-terminally
truncated anti-angiogenic WRS proteoforms could pause angiogenesis at a site of injury to allow
proper resolution of inflammation prior to angiogenesis. Furthermore, neutrophils, that quickly
infiltrate a site of tissue injury along IL8 chemoattractant gradients and play an important role in
wound healing, secrete neutrophil elastase and MMP8, which potently truncate the N-terminus of
WRS terminating its proinflammatory function and promoting angiogenesis (206). Therefore,
cleavage of WRS by immune cell MMPs to generate A1-47 WRS expands the potential functions

of MMPs in regulating angiogenesis and wound healing.

In conclusion, our study shows that in human cells, MMPs exert post-translational control over
moonlighting WRS to down-regulate inflammation. Our degradomics analyses previously
indicated that MMPs cleave WRS in secretomes of human MDA-MB-231 cells expressing MMP14
(39) and murine MMP27~ fibroblasts (186), and we have now elucidated a new MMP-WRS-TNFo.
axis for regulating inflammation. MMPs process a variety of substrates to regulate inflammation
(22, 382), and our data here shows that WRS is another such substrate, and also confirms a new
class of MMP substrate. It would be interesting to examine WRS processing in inflammatory
disease — for example, both WRS and MMPs are increased in the blood of sepsis patients (199,
215), so it is possible that processing of WRS by MMPs during sepsis has a role in regulating
systemic inflammation. To establish the significance of WRS proteolysis by MMPs in the immune
response, non-cleavable mutant WRS animal models would be valuable, since knocking out
MMPs would likely be ineffective due to proteolytic redundancy. Overall, our data reveal that WRS
is an MMP substrate that is entwined in inflammation due to its moonlighting functions, eclipsing

mere matrix modelling roles for MMPs.
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2.5 Material and methods
251 WRS expression and purification

Human full-length WRS and A1-47 WRS with a C-terminal His-tag in pET28a were expressed in
ClearColi® BL21 (DE3) (Lucigen) in Lennox Broth under kanamycin (20 pug/mL) selection. Cell
pellets were resuspended in ice-cold column buffer (20 mM KH2PO4, 500 mM NaCl, 10 mM
imidazole, 2 mM B-mercaptoethanol, pH 7.8) supplemented with protease inhibitors (1 mM
AEBSF, 1 mM EDTA, 10 uM E-64, 10 uM leupeptin, and 1 uM pepstatin A). Clarified cell lysates
were treated with Triton X114 as previously described (388). Treated lysates were loaded onto a
Ni-NTA Perfect Pro (Qiagen) column, washed with column buffer at pH 7.8, pH 6 and then pH
5.2, before elution using a 25-250 mM imidazole gradient. Fractions containing WRS were pooled,
dialysed against PBS/15 % glycerol, passed through a polymyxin B-agarose column (Millipore-
Sigma) and stored at —80 °C. Protein concentrations were determined by bicinchoinic acid assay

(Thermo-Fisher Scientific).

2.5.2 Cell culture

The human skin fibroblast cell line, BJ (ATCC #CRL-2522), was cultured in DMEM, 4.5 g/L
glucose, 10% (v/v) cosmic calf serum (CCS, Hyclone), 50 yg/mL streptomycin, and 50 U/mL
penicillin. Human primary umbilical vein endothelial cells (HUVEC) (Lonza #C2519A) were
cultured in Vascular Cell Basal medium plus Endothelial Cell Growth kit-VEGF (both from ATCC).

Blood was donated by healthy volunteers using University of British Columbia Clinical Research
Ethics Board approved protocol (#H06-00047). Informed consent was obtained from all donors
and research was conducted in accordance with the Declaration of Helsinki. PBMCs were
prepared from buffy coats obtained using Ficoll-Pacque™ PLUS (GE Healthcare). Monocytes
were isolated from PBMCs using an EasySep™ Human Monocyte Isolation Kit (Stemcell)
following the manufacturer’s instructions. Monocytes (2 x 10%/mL) were differentiated into primary
macrophages (MO0) by culturing in 50 ng/mL monocyte-colony stimulating factor in ImmunoCult™-
SF Macrophage Medium (both Stemcell) for 4 days. For cytokine/chemokine array analysis,
PBMC-derived MO were serum-starved and treated for 3 h in serum free growth medium, 10
pug/mL polymyxin B (Millipore-Sigma) with 100 nM WRS, A1-47 WRS, or PBS. Clarified
conditioned media was assayed using a Human Cytokine Array® (#ARY005B, R&D Systems) as
per manufacturer’s instructions. Membranes were blocked with Odyssey Blocking Buffer (LI-COR)

for 20 min and detected with Alexa Fluor® 680-Streptavidin (Thermo-Fisher Scientific). Imaging
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was conducted with a LI-COR Odyssey infrared imager (LI-COR). Spots were quantified by

densitometry using ImageJ software (NIH).

THP1 cells (human monocytic cell line, ATCC #TIB-202) were cultured in RPMI growth medium:
RPMI-1640, 4.5 g/L glucose, 10% (v/v) CCS, 50 pug/mL streptomycin, and 50 U/mL penicillin.
THP1 MO macrophages were differentiated from THP1 monocytes (1 x 108 cells/mL) using 100
ng/mL phorbol 12-myristate 13-acetate (PMA) as previously described (24). Experiments were
performed in serum-free growth medium containing 10 ug/mL polymyxin B on PMA-differentiated
THP1 MO cells synchronized by serum-starvation. For NF-kB pathway analyses, cells were
treated with 100 nM WRS for up to 3 h. PBS-washed cells were lysed with 50 mM Tris-HCI, 150
mM NaCl, 10 mM EDTA, 0.2 % (w/v) Zwittergent, pH 8 supplemented with a protease and
phosphatase inhibitor cocktail (Biotool). Cleared lysates were analysed by immunoblotting (see
below). For TNFa release, THP1 MO were treated for 3 h with 100 nM WRS, heat-denatured WRS
(boiled for 5 min), A1-47 WRS, E. coli 0111:B4 lipopolysaccharide (LPS) (Millipore-Sigma), or
PBS. TNFa in conditioned media was quantified using a human TNFa ELISA kit (Duoset® ELISA,
R&D Systems). For TLR inhibitor experiments, 5 yg/mL TLR2 blocking antibody (#¥maba2-htlr2,
InvivoGen), IgA2 (#maba2-ctrl, InvivoGen) isotype control antibody, TLR4 blocking antibody
(#mabg-htlr4, InvivoGen), 1gG1 isotype control (#mabg1-crtim, InvivoGen), 1% (v/v) DMSO
vehicle, 100 uM C29 (MedChemExpress), 1 uyg/mL CLI-095 (InvivoGen), 10 yM BAY11-7082
(Selleckchem) or combination thereof were added to THP1 MO 1 h prior to treatment with 100 nM
WRS for 3 h.

For chemotaxis, 100 nM WRS, heat-denatured WRS, A1-47 WRS, 50 nM CCL7, or PBS in
chemotaxis buffer (RPMI-1640, 20 mM HEPES, 0.1% BSA, 10 pg/mL polymyxin B) was
dispensed into the lower reservoir of chemotaxis chambers (Neuroprobe). A 5 yum membrane was
placed over the wells. Serum-starved THP1 monocytes were resuspended (1 x 10° cells/mL) in
chemotaxis buffer and cells (2 x 10° cells) were added to the top reservoir. After 90 min at 37 °C,
cells were collected from the bottom chamber and quantified using CyQUANT® (Thermo-Fisher

Scientific). CCL7 was synthesized as previously described (168).

HEK-Blue™ (human embryonic kidney 293) cells co-expressing the NF-kB reporter system and
TLR2, TLR4, TLR9 or receptor-null counterparts (Null1 and Null2) were cultured in DMEM growth
medium with selective antibiotics. Cells and reagents were from InvivoGen and assays were

carried out according to their instructions. For TLR reporter assays, 96 well plates were seeded
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with TLR2 and Null1, TLR4 and Null2, or TLR9 and Null1 HEK-Blue™ cells and incubated with
100 nM WRS, A1-47 WRS, heat-denatured WRS, or PBS with 10 ug/mL polymyxin B for 18 h.
Conditioned media were assayed for NF-kB activation in QUANTI-Blue™ detection medium. For
TLR inhibitor experiments, cells were incubated with antibodies and inhibitors for 1 h prior to
treatment with 100 nM WRS for 18 h as for THP1 MO above.

2.5.3 WRS secretion assays

Serum-free media containing various concentrations of human IFNa (Cedarlane), IFNB, IFNy, IL4
(all Peprotech), TNFa (Millipore-Sigma), or combinations thereof were added to PBMC-derived
MO, PMA-differentiated THP1 MO, HUVEC, and fibroblasts at 80% confluence. Clarified
conditioned media were harvested at times shown and protease inhibitor cocktail (Biotool) and 1
mM EDTA were added. PBS-washed cells were lysed with Zwittergent buffer containing protease
inhibitor cocktail as above. Membrane and cytosolic fractions were isolated from THP1 MO using
a Mem-PER™ Plus membrane protein extraction kit (Thermo-Fisher Scientific) as per

manufacturer’s instructions.

To precipitate proteins, 15% (v/v) trichloroacetic acid was added to conditioned media samples,
centrifuged, and the protein pellet was washed with 100% acetone. Pellets were air-dried, re-
solubilized by boiling for 5 min in 4 x SDS-PAGE loading buffer (0.5 M Tris, 8 M urea, 8% (w/v)

SDS, pH 6.8), and diluted 4-fold. Protein concentrations were determined by Azgonm.

2,54 Immunoblotting

Samples were diluted in SDS-PAGE loading buffer with DTT and denatured by boiling before
separation using 10% SDS-PAGE and transfer to PVDF membrane (Immobilon-FL, Millipore-
Sigma). After blocking with Odyssey Blocking Buffer (LICOR) for 20 min, primary antibodies (at
concentrations recommended by manufacturers) were incubated overnight at 4 °C. Primary
antibodies: Affinity-purified polyclonal antibodies against WRS (N-terminal, #A304-274A) (C-
terminal, #A304-275A) Bethyl Laboratories; monoclonal antibodies IDO (#86630), TGM2 (#3557),
total NF-kB p65 (#4764), phospho-NF-kB p65 (Ser 536; #3033), and total IkB-a (#4814) all Cell
Signaling Technology; a-tubulin (#sc-53646) Santa Cruz Biotechnology; Na‘’/K* ATPase
(ab76020) Abcam. Secondary antibodies, goat anti-mouse IgG conjugated to IRDye 800CW (LI-
COR) and goat anti-rabbit IgG conjugated to Alexa Fluor® 680 (Thermo-Fisher Scientific), were
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applied for 1 h at 25 °C. Imaging was conducted with an Odyssey infrared imager. Where

indicated, bands were quantified by densitometry using ImageJ software (NIH).

2.5.5 MMP expression and purification

Human MMP7 cDNA was subcloned into pGW1GH, both generously provided by J. M. Clements
(British Biotech Pharmaceuticals, Oxford, UK). The MMP7-pGW1GH was electroporated into
CHO-K1 cells (ATCC #CCL-61) grown in DMEM, 4.5 g/L glucose, 10% (v/v) CCS, 50 pg/mL
streptomycin, 50 U/mL penicillin. Stable clones were selected with 25 yg/mL mycophenolic acid,
cultured to 80% confluency in flasks, transferred to 1,700 cm? roller bottles (Corning), and grown
with rotation in serum-free medium (1:1 v/v CHO-SFM (Thermo-Fisher Scientific):DMEM). One
tenth volume of buffer (500 mM 2-(N-morpholino)ethanesulfonic acid, 1 M NaCl, 50 mM CaCly,
pH 6)) was added to clarified conditioned medium and loaded onto a green Sepharose column
(Millipore-Sigma). After washing, bound protein was eluted using a 1-2 M NaCl gradient. The
eluate, dialysed against 20 mM Tris, 5 mM CaCl,, pH 7.4, was loaded onto a Q-Sepharose
(Millipore-Sigma) column. After washing, bound protein was eluted with 20 mM Tris, 200 mM
NaCl, 5 mM CacCl,, pH 7.4. Fractions containing MMP7 were assayed for activity as below and
stored at —80 °C.

C-terminally FLAG-tagged murine MMP10 in pGW1GH was expressed and purified from CHO-
K1 cells. Conditioned medium was loaded onto a green Sepharose (Millipore-Sigma) column and
eluted as described for MMP7. Eluate, dialysed against 50 mM Tris, 150 mM NaCl, pH 7.4, was
loaded onto an aoFLAG-agarose column (Millipore-Sigma), washed with dialysis buffer and
MMP10 was eluted with 100 mM glycine, pH 3.5 into tubes containing 50 yL 1 M Tris, pH 8.
Fractions containing MMP10 were exchanged into 50 mM HEPES, 150 mM NaCl, 5 mM CaCly,
pH 7.2 using Ultra-4 Centrifugal Filter Units (Amicon). Activity was assayed as below and aliquots

were stored at —80 °C.

We expressed and purified recombinant human MMP1, MMP2, MMP3, MMP8, MMP9, MMP13,
and soluble MMP14 (lacking the transmembrane domain) as previously described (389). MMP
activity was validated by quenched fluorescence synthetic peptide substrate cleavage assays
using Mca-Pro-Leu-GlyJLeu-Dpa-Ala-Arg-NH, (R&D systems) as previously described (389,
390).
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To assess MMP activity in conditioned medium, THP1 MO were cultured in phenol red-free,
serum-free growth medium for 24 h with 10 pg/mL polymyxin B plus 100 nM WRS, TNFa 40
pug/mL, or PBS + 100 ug/mL Inflixamab (#NBP2-52655, Novus Biologicals). Clarified conditioned
medium was concentrated 20 x using Ultra-4 Centrifugal Filter Units and 40 ug protein was

assayed for MMP activity using the quenched fluorescence peptide cleavage activity as above.

2.5.6 WRS cleavage assays

ProMMPs were activated for 20 min at 25 °C with 1 mM p-aminophenylmercuric acetate (APMA)
in HEPES buffer (50 mM HEPES, 150 mM NaCl, 5 mM CacCl,, pH 7.2). APMA was removed by
dialysis against HEPES buffer at 4 °C for 1 h. WRS cleavage assays were performed at
protease:WRS molar ratios described in the figures. Human serine proteases neutrophil elastase
(Millipore-Sigma) and plasmin (Biovision) were reconstituted in 50 mM HEPES, 150 mM NaCl, 5
mM CaCl,, pH 7.2.

2.5.7 LC-MS/MS analysis of MMP cleavage of WRS

WRS (1 pg) was digested at 37 °C + MMP for 18 h at molar ratios selected from prior digests.
Reactions were diluted 3 in 4 into sample buffer (0.5 M Tris, 8% (w/v) SDS, pH 6.8, 20% (v/v) B-
mercaptoethanol), boiled for 5 min, and were resolved by 10% SDS-PAGE. Gels were stained
with Coomassie brilliant Blue G-250. Cleaved WRS bands were excised, destained, lyophilized,
and rehydrated in 15 yL MS-grade trypsin (12 ng/uL in 50 mM ammonium bicarbonate) for 45 min
at 4 °C. Excess buffer was removed, and the gel plugs were resuspended in 15 yL ammonium
bicarbonate for 18 h at 37 °C. Centrifuged plugs were discarded and supernatants were desalted
using StageTips (391). Samples were run on an Easy nLC-1000 (Thermo-Fisher Scientific) online
coupled to an UHR Q-TOF Impact Il mass spectrometer (Bruker-Daltonics) with a CaptiveSpray
nanoBooster ionization interface. Peptides (1 pg) were loaded on to a 75 ym x 400 mm analytical
column containing ReproSil-Pur C18 1.8 uym stationary phase resin (packed in house; Dr Maisch
GmbH) and the column temperature was maintained at 50 °C. Samples were automatically loaded
onto the analytical column at 800 Bar using buffer A (0.1% formic acid) and 8 L injection flush
volume. Peptides were eluted using a 125 min gradient established with the nLC at 200 nL/min
from 2% to 24% buffer B (99.9% acetonitrile, 0.1% formic acid) over 90 min, then increased to
30% over 10 min period, further increased to 95% buffer B over 5 min and finally held at 95% for
15 min. Alternatively, a 60 min gradient with 20 min separation was utilized with similar washing

parameters. Peptides were ionized by electrospray ionization (2.2 kV), and MS analysis was
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performed in positive ion polarity with precursor ions detected from 150 m/z to 1750 m/z. Spectra
were acquired using a Top17 data-dependent method with precursor intensity-adjusted MS/MS

summation time (Compass oTOF control 1.9, Bruker).

For database searching, Bruker .d files were converted to .mgf using DataAnalysis v4.3 (Bruker
Daltonics) and searched with the Mascot search algorithm (MatrixScience) using the following
parameters: 25 ppm MS1 tolerance, 0.08 Da MS2 tolerance, semi-tryptic enzyme specificity,
variable modifications: oxidation (M), propionamide (C), N-terminal ammonia loss and N-terminal
cyclization at glutamine and glutamic acid against the reverse concatenated H. sapiens Uniprot
database (downloaded 2014-10-01; 69,085 sequences). Result files were imported into Scaffold
v4.8.7 (Proteome Software) and searched with X!Tandem (392). Search results were filtered for
1% FDR at the peptide and protein level. The N-terminal residue of the most N-terminal semi-
tryptic peptide detected and C-terminal residue of the most C-terminal semi-tryptic peptide
detected were defined as the N- and C-termini of the excised band respectively. The mass
spectrometry proteomics data have been deposited with the ProteomeXchange Consortium (393)
via the PRIDE partner repository (394) with the dataset identifier PXD013217.

2.5.8 Determination of WRS cleavage sites

WRS cleavage sites were determined by Edman degradation (performed by Tufts University Core
Facility) as previously described (383, 384) and by positional mass spectrometry using ATOMS
(383, 384). Briefly, WRS (100 pg) was incubated + MMP (at molar ratios selected from prior
digests) for 18 h, 37 °C. Digests were denatured with 4 M guanidine-HCI. Cysteines were reduced
with 5 mM DTT, 1 h, 37 °C and alkylated with 15 mM iodoacetamide, 15 min at room temperature
in the dark. Excess iodoacetamide was quenched with 15 mM DTT, 30 min, 37 °C. Lysine and N-
termini were labeled with 40 mM heavy (C'*D,0) (+ MMP) or light (CH20) (control) formaldehyde
with 20 mM sodium cyanoborohydride, 18 h, 37 °C. Excess formaldehyde was quenched with 50
mM ammonium bicarbonate, 2 h, 37 °C. Samples were mixed, split in half, and digested for 16 h,
37 "C with either MS-grade trypsin (1 pug/mL, Thermo-Fisher Scientific) or GluC (Staphylococcus
aureus protease V8, 1 ug/mL, Worthington). Samples were desalted and analysed by LC-MS/MS

as above.

Data were analyzed using MaxQuant software v1.6.0.1 (395) and searched against a custom
protein database including WRS, all proteases used, and 247 protein contaminants frequently
observed in MS experiments. Enzyme specificity was set as semi-specific free N-terminus.
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Quantitation of peptides was performed using the MS1 signal from heavy (C'%,D4, 34.063 Da) and
light (C2H4, 28.031 Da) dimethylated peptides. Carbamidomethylation on cysteine was set as a
fixed modification, methionine oxidation and asparagine deamidation were set as variable
modifications. Delta score-based false discovery rates of 1% and 5% were set for peptide and
protein identification respectively. Peptide-spectrum matches corresponding to N-terminal
dimethylated peptides from WRS were manually validated. P1’ residues of the cleavage site were
identified from peptides dimethylated at the N-terminus that can only be labeled after a cleavage
event, with a heavy to light ratio > 2, and identified: i) in both trypsin and GluC analyses, ii) in
either trypsin and GIuC analyses based on three or more peptide spectrum matches; iii) or by
Edman degradation. Cleavage sites beginning at the P1’ position with a charged or a hydrophilic
residue with the exception of glutamine and cysteine were excluded due to known substrate
preferences for MMPs (389). The data have been deposited as above under the dataset identifier
PXD013367.

2.5.9 Statistics

All statistical tests were performed using GraphPad Prism version 5.0b software.
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2.6 Figures and figure legends
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Figure 2.1 IFNy stimulated WRS expression and secretion from human cells.

Immunoblots of PMA-differentiated (A,C) PMA-differentiated THP1-derived macrophages (THP1
MO0), (B) human peripheral blood mononuclear-derived macrophages (Primary M0), (D) human
umbilical vein endothelial cells (HUVEC), and (E) skin fibroblasts (BJ). Cells were treated for 24
h or for times shown with IFNy (20 ng/mL), IL4 (40 ng/mL), or TNFa (40 ng/mL) as indicated.
Antibodies specific to the N-terminus or C-terminus of WRS (aN-WRS and a.C-WRS, respectively)
identified WRS and proteoforms (arrows). Controls and standards were: Recombinant human
WRS and A1-47 WRS (~58 and 48 kDa, respectively); a-tubulin, loading control; Na*/K* ATPase,
membrane protein loading control; polarization markers: indoleamine 2,3-dioxygenase (IDO),
IFNy stimulation to M1 macrophage polarization; transglutaminase 2 (TGM2), IL4 stimulation to
M2 macrophage polarization. Representative immunoblots after 10% SDS-PAGE are shown from
N = 3 independent experiments, N = 2 for fibroblasts.
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Figure 2.2 WRS expression and secretion in THP1 macrophages was IFNy-specific and
concentration-dependent.

(A) Immunoblot analysis of PMA-differentiated THP1-derived macrophages (THP1 MO) treated
for 48 h with interferons (IFN) a, B, or y (100 ng/mL), combinations thereof, or buffer control ( —).
Antibodies specific to the N-terminus or C-terminus of WRS (aN-WRS and aC-WRS, respectively)
identified WRS cleaved proteoforms in conditioned media and cell lysates (arrows). Recombinant
human WRS and A1-47 WRS were loaded as standards (~58 and 48 kDa, respectively) and a-
tubulin serves as a loading control. (B) Immunoblot analysis of THP1 MO treated with 1 — 100
ng/mL IFNy (M1 macrophage inducer), or 100 ng/mL IL4 (M2 inducer) for 48 h. Immunoreactive
bands were analyzed by densitometry and relative amounts of WRS were normalized to tubulin.
Graphs of means + S.D. of N = 3 independent experiments are shown. Statistical significance
was determined against the controls: buffer in A and 0 ng/mL IFNy in B using a one-way ANOVA
with Dunnett’'s multiple comparison posttests. Representative immunoblots are shown of N = 3
independent experiments. *, p < 0.05; **, p < 0.01; *** p < 0.001; ns, not significant.
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Figure 2.3 Inflammatory signaling responses were activated by WRS, but not A1-47 WRS.
Representative immunoblots (A) and quantification (B, C) of NF-kxB p65, phosphorylated p65 (p-
p65), and inhibitor of NF-xB (IxB-a) protein levels in response to recombinant human WRS (100
nM) incubated with PMA-differentiated THP1-derived macrophages (THP1 MO0) for the times
shown. a-tubulin was the loading control. Relative band densities are plotted as means + S.D. of
N = 3 independent experiments. (D) TNFa protein levels in the conditioned media of THP1 MO
treated for 3 h with WRS versus A1-47 WRS (100 nM each), or as controls heat-denatured WRS
(100 °C WRS) and buffer (means + S.D., n = 4) determined by ELISA, N = 2 independent
experiments. (E) Human cytokine protein array analysis of conditioned media of human peripheral
blood mononuclear-derived macrophages treated for 3 h with WRS, A1-47 WRS (100 nM each),
or buffer control. Mean pixel intensities were measured by densitometric analysis of the cytokine
protein array shown in Fig. 2.4 and plotted as fold change compared to untreated cells (mean +
S.D., n=4) of N=2independent experiments. (F) Transwell chemotaxis migration assay of THP1
monocytes towards WRS, A1-47 WRS (100 nM each) versus heat-denatured WRS or buffer over
90 min, with CCL7 (MCP-3) (50 nM) used as a positive control. Migrated cell numbers were plotted
as fold changes compared to buffer (mean + S.D., n = 3) of N = 3 independent experiments.
Statistical significance was determined against controls: 0 h for B, C; buffer for D, F; and untreated
for E using a one-way ANOVA with Dunnett’s multiple comparison posttests. *, p < 0.05; ** p <
0.01; ** p < 0.001; ns, not significant.
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Figure 2.4 Cytokine protein array analysis of conditioned media from human peripheral
blood mononuclear-derived macrophages following stimulation by WRS or A1-47 WRS.
(A) The cytokines and chemokines reported in Fig. 2.3E are shown boxed on the Human Cytokine
Array® above. (B) Grid showing the identity of cytokines and chemokines spotted on each array
in A (each cytokine or control is spotted in duplicate). +, positive control spots; —, negative control
spots.
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Figure 2.5 TLR2 and TLR4-mediated signaling responses to WRS.

(A) HEK293 cells co-expressing TLRs 2, 4, or 9 with a NF-kB alkaline phosphatase (AP) reporter
system as indicated were treated for 18 h with 100 nM each of recombinant human WRS, A1-47
WRS, heat-denatured WRS (100 °C WRS), or buffer. (B, C) Reporter cells were pre-treated for 1
h with TLR2 inhibitor C29 (100 uM), IxB kinase inhibitor BAY11-7082 (10 uM), TLR4 inhibitor
CLIO95 (1 ug/mL), or vehicle (1% (v/v) DMSO) prior to treatment + WRS (100 nM) for 18 h. (D, E)
Reporter cells were pre-treated for 1 h with antibody (5 ug/mL) or buffer prior to treatment +
recombinant human WRS (100 nM) for 18 h: (D) TLR2-blocking antibody («TLR2) and isotype
control antibody IgA2; (E) TLR4-blocking antibody (aTLR4) or isotype control antibody IgG1.The
relative activity of alkaline phosphatase was plotted as: A, fold change for each TLR compared to
buffer (mean + S.D., n = 4) of N = 2 independent experiments; TLR9, N = 1; B — E, fold change
compared to the — WRS control for each treatment (mean = S.D., n = 4) of N = 2 independent
experiments. Statistical significance was determined as follows: A, against buffer by a one-way
ANOVA with Dunnett’'s multiple comparison posttests; B — E, between vehicle (or buffer) and
inhibitor (or antibody) treatment in the presence of WRS (+ WRS) using a two-tailed unpaired
Student’s t-test. *** p < 0.001; ns, not significant.
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Figure 2.6 Inhibition of TLR2 and TLR4 signaling reduced WRS-mediated TNFa release
from THP1 macrophages.

(A) ELISA analysis of TNFa released into the conditioned media of PMA-differentiated THP1-
derived macrophages in response to treatment with recombinant human WRS (100 nM) in vehicle
(1% (v/v) DMSOQ) for 3 h and after pre-treatment for 1 h with TLR2 inhibitor C29 (100 uM), TLR4
inhibitor CLI-095 (1 ug/mL), or IkxB kinase inhibitor BAY11-7082 (10 uM). (B) TNFa levels in the
conditioned media of THP1 MO cells treated with recombinant human WRS (100 nM) for 3 h after
pre-treatment for 1 h with TLR2- or TLR4-blocking antibodies (¢ TLR2, a’TLR4), or isotype controls
(5 pg/mL). Data are presented as means + S.D. (n = 4) of N = 2 independent experiments.
Statistical significance was determined against vehicle using a one-way ANOVA with Dunnett’s
multiple comparison posttests in A and between each isotype control and antibody using a two-
tailed unpaired Student’s t-test in B. *, p < 0.05; ***, p < 0.001; ns, not significant.
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Figure 2.7 Confirmation of the absence of lipopolysaccharide in recombinant WRS and
A1-47 WRS preparations expressed in ClearColi® BL21 (DE3).

TNFa in the conditioned media of PMA-differentiated THP1-derived macrophages treated for 3 h
+ polymyxin B (PxB) (10 pg/mL) with (A) recombinant human WRS (100 nM), A1-47 WRS (100
nM), lipopolysaccharide (LPS) (100 ng/mL), or buffer, or (B) heat-denatured WRS (100 °C WRS)
(100 nM), was measured by ELISA. Data were plotted as means + S.D., n =4, N = 3 independent
experiments. Statistical significance was determined between the — polymyxin B and + polymyxin
B conditions using a two-tailed unpaired Student’s t-test. *, p < 0.05; *** p < 0.001; ns, not

significant.
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Figure 2.8 SDS-PAGE analysis of WRS cleavage by recombinant MMPs in vitro.

(A) Recombinant human WRS (~58 kDa) was incubated with recombinant MMPs, neutrophil
elastase, or plasmin (1:10 molar ratio protease:WRS) for 18 h at 37 °C and analysed by 12%
SDS-PAGE, N = 2 independent experiments. (B) WRS was incubated at the protease:WRS molar
ratios shown for 18 h at 37 °C and the cleavage products were analysed by 10% SDS-PAGE and
Coomassie Brilliant Blue G-250-staining. Controls (Ctrl), highest concentration of protease
without WRS. Cleavage products are indicated by arrows. Vertical line artefacts on the MMP7
and MMP8 images are reflections caused by the scanner.
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Figure 2.9 MMP-cleaved WRS protein bands sequenced by Edman degradation.
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Recombinant human WRS was incubated + MMP7 or MMP8 at 1:10 protease:WRS molar ratios
for 18 h at 37 °C. Cleavage products were resolved by 16.5% SDS-PAGE and transferred to
PVDF membrane for Edman degradation. Bands sequenced are shown with the 5 N-terminal

residues.
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Figure 2.10 LC-MS/MS identified N- and C-terminal boundaries of MMP-cleaved WRS
bands.

After MMP digestion of recombinant human WRS for 18 h at 37 °C, cleavage products were
resolved by 10% SDS-PAGE and stained with Coomassie Brilliant Blue G-250. Bands were
excised, digested with trypsin, and analyzed by LC-MS/MS. Semi-tryptic peptides (i.e. cleaved by
MMP at one end and trypsin at the other) were detected from all WRS domains. Cleaved
proteoforms of WRS are represented by color-coded domain cartoons where the N- and C-
terminal residues of the most N- and C-terminal semi-tryptic peptides are shown. The absence of
detected peptides either side of these residues suggest that cleavage had occurred nearby,
resulting in the fragments shown on the gel. Molecular weights were determined from the relative
migration distance (Rr analysis). Light blue, vertebrate-specific extension (VSE) domain; dark
blue, eukaryotic-specific extension (ESE) domain; yellow, Rossman fold catalytic domain; green,
anticodon recognition domain. The N-terminus of full-length recombinant WRS (~58 kDa) was
®Ser, shown at the top left.
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Figure 2.11 Identification of MMP cleavage sites in WRS.
After cleavage of recombinant human WRS by human MMPs, the cleavage sites of all MMPs
were identified by ATOMS N-terminal positional proteomics and for MMP7 and MMP8 also by N-
terminal sequencing by Edman degradation (WRS cleavage product bands sequenced are shown
in Fig. 2.9). Schematic diagrams of WRS with the MMP cleavage sites identified by ATOMS ( | ),
Edman degradation (*, underlined), or by both (**). Only MMP7 and MMP8 cleaved at the exact
site as the A1-47 WRS alternate spliced form. Light blue, vertebrate-specific extension (VSE)
domain; dark blue, eukaryotic-specific extension (ESE) domain; yellow, Rossman fold catalytic
domain; green, anticodon recognition domain.
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Figure 2.12 WRS cleavage by MMP7 and MMP8 reduced chemotaxis and TNFa release.
(A) Cleavage of recombinant human WRS (~58 kDa) by MMP7 and MMP8 (1:10 protease:WRS
molar ratio) for 18 h at 37 °C visualized by Coomassie Brilliant Blue G-250—stained 10% SDS-
PAGE gels. (B) Schematic diagrams of WRS with the MMP7 and MMP8 cleavage sites identified
by Edman degradation (]) (shown in Fig. 2.9). Light blue, vertebrate-specific extension (VSE)
domain; dark blue, eukaryotic-specific extension (ESE) domain; yellow, Rossman fold catalytic
domain; green, anticodon recognition domain. (C) Transwell chemotaxis assay of THP1
monocytes in response to WRS, WRS cleaved by MMP7 or MMP8 (100 nM each), buffer, or
MMPs alone (shown in A) over 90 min. Data are presented as fold-change compared to buffer —
WRS (means + S.D., n = 3) of N = 3 independent experiments. (D) TNFa released to the
conditioned media of PMA-differentiated THP1-derived macrophages treated for 3 h with intact
or MMP-cleaved WRS (100 nM each) was measured by ELISA (plotted as means + S.D., n = 4)
of N = 3 independent experiments. Statistical significance was determined between WRS treated
with buffer and WRS treated with each MMP as well as between buffer + WRS conditions using
a two-tailed unpaired Student’s t-test. **, p < 0.01; ***, p < 0.001; ns, not significant.
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Figure 2.13 WRS increased MMP activity in macrophage-conditioned media by a TNFa-
dependent pathway.

PMA-differentiated THP1-derived macrophages were treated for 24 h with recombinant human
WRS (100 nM), A1-47 WRS (100 nM) as an analogue of the MMP7 and MMP8 cleavage product,
TNFa (40 ng/mL), or buffer, with or without a monoclonal antibody inhibitor of TNFa (Inflixamab,
IN) (100 ng/mL). MMPs in 20-fold concentrated conditioned media were activated with 1 mM p-
aminophenylmercuric acetate (APMA) and cleavage of the quenched fluorescence peptide
substrate Mca-Pro-Leu-Gly{Leu-Dpa-Ala-Arg-NH, was measured (mean + S.D., n=3)in N =3
independent experiments. Statistical significance was determined against buffer + Inflixamab
using a one-way ANOVA with Dunnett’'s multiple comparison posttests. ***, p < 0.001; ns, not
significant.
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Figure 2.14 Model of the WRS — MMP temporal relationship and feedback loops
regulating IFNy responses in inflammation.

(1) IFNy activation of M1 macrophage polarization including IFNy-induced secretion of WRS. (2)
WRS activation of TLR2 (and to a lesser extent, TLR4) signaling to induce monocyte/macrophage
chemotaxis, and cytokine and chemokine release, notably of the neutrophil chemoattractant IL8
(3). (4) TNFa activation of NF-xkB and upregulation of MMP expression, notably of MMP7, in
macrophages. (5) With time, MMP cleavage of WRS, particularly by macrophage MMP7 and
neutrophil-specific MMP8, inactivates proinflammatory activities of WRS, and so dampens these
infammatory pathways.
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Chapter 3: Matrix metalloproteinases activate the proinflammatory functions of

extracellular moonlighting tyrosyl-tRNA synthetase
3.1 Synopsis

Tyrosyl-tRNA synthetase ligates tyrosine to its cognate tRNA in the cytoplasm and is secreted
through a non-canonical pathway. We investigated the extracellular activities of YRS and found
when moonlighting outside the cell, this “intracellular” protein was proinflammatory: As well as
acting as a monocyte chemoattractant, YRS initiated signaling through Toll-like receptor 2 (TLR2),
resulting in NF-kB activation and release of TNFa and multiple chemokines including MIP-1a/B,
CXCLS8 (IL8), and CXCL1 (KC) from macrophages. Furthermore, YRS upregulated macrophage
matrix metalloproteinase (MMP) extracellular activity in a TNFa-dependent manner. Since MMPs
process a variety of intracellular proteins with extracellular moonlighting functions, we profiled 10
MMPs for YRS cleavage and identified 55 cleavage sites by ATOMS positional proteomics and
Edman degradation—all of which were within or near to the beginning of the YRS C-terminal
domain. All MMPs tested shared two common cleavage sites at ADS**®|®*’LYV and
VSG*®° %% vQ, with MMP7, which is highly expressed by monocytes and macrophages, and
neutrophil-specific MMP8 exhibiting the highest catalytic efficiency for YRS. The 41 kDa cleaved
proteoform enhanced activation of TLR2 signaling, increased TNFa secretion from macrophages,
and amplified monocyte chemotaxis compared to unprocessed YRS. We propose that the
proinflammatory activity of YRS is enhanced by MMP cleavage in a feed-forward mechanism that

drives inflammation.

3.2 Introduction

Matrix metalloproteinases (MMPs), a family of 23 secreted and membrane-anchored proteases,
regulate diverse processes including inflammation (16, 21-24, 196, 363) by cleaving a variety of
signaling molecules in addition to extracellular matrix components. MMP substrates include
chemokines such as CC chemokine ligand (CCL)7 (23), cytokines such as interferon (IFN)a (30)
and y (24), and complement proteins including mannose-binding lectin (171), C1q (170), C3, C3a,
C3b, and C5a (196). MMP processing of multiple bioactive substrates such as these dampens
inflammation and so rather than being detrimental proteases leading to pathology, MMPs possess
beneficial roles in inflammation essential for terminating inflammatory responses (23, 362).

Especially notable are the innate immune cell MMPs: neutrophil-specific MMP8 (25), and
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macrophage-expressed MMP7 (330) and MMP12 [14], which coordinate leukocyte chemotaxis

during inflammation by activating and inactivating cleavages of chemokines.

To further elucidate the roles of MMPs in physiological and pathological processes, we developed
targeted proteomic technologies known as “degradomics” (39, 175, 185) to identify protease
substrates in cell culture systems (39, 177, 187, 396), animal models (189, 196), and human
tissues (397—400). Our Terminal Amine Isotopic Labeling of Substrates (TAILS) method identifies
actual cleavage sites (185, 190) and quantification is incorporated by differential isotopic labelling,
for example, with isobaric tags for relative and absolute quantification (iTRAQ) (183). In

degradomic screens, we identified tyrosyl-tRNA synthetase (YRS) as a candidate MMP substrate.

YRS (~59 kDa, 528 residues) ligates tyrosine to tRNA(Tyr) for protein synthesis in the cytoplasm.
In addition to the N-terminal Rossman fold catalytic domain (residues 1-230) and tRNA anticodon
binding domain (residues 231-364), eukaryotic YRS has a C-terminal endothelial monocyte-
activating polypeptide II-like (EMAPII) domain (residues 365-528). The EMAPII domain is absent
from prokaryotic YRS and is not necessary for translation (207, 401). Several eukaryotic tRNA
synthetases have roles within the cell in addition to aminoacylation (208, 210, 364) and, despite
lacking a canonical signal sequence, YRS and other tRNA synthetases (207, 213, 215, 216, 220)
are reported to have extracellular “moonlighting” functions (204, 212). YRS has been detected in
human plasma (242), in exosomes (402), and is abundant in platelets compared to other tRNA
synthetases (220, 242). YRS is secreted from the human histiocytic lymphoma cell line U-937 in
culture (228) and from apoptotic Drosophila melanogaster cells (224). Truncated proteoforms of
YRS, arising from alternative splicing (220) or plasmin and elastase cleavage (207, 229), have
immune cell chemoattractant activities and also induce secretion of tumor necrosis factor (TNF)a

from macrophages (207, 229).

Since YRS was found as a candidate substrate in our degradomics screens we assessed whether
MMPs process YRS to modulate inflammation. Here we describe how the proinflammatory
activities of YRS are enhanced by MMP cleavage in the C-terminal domain and show that YRS

can induce MMP activity which could potentiate inflammation.
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3.3 Results
3.3.1 Proinflammatory activities of YRS on monocytes and macrophages

The recruitment of monocytes is a key component of the inflammatory response (128). Using an
in vitro Transwell chemotaxis assay, we found that the chemotaxis of THP1 monocytes in
response YRS (50 nM) was significantly enhanced compared with the buffer control (N = 3; Fig.
3.1A). Chemotaxis was abrogated by heat-denaturation of YRS. Thus, YRS is a chemoattractant

for monocytes, a function that depends upon the tertiary structure of YRS.

Once at a site of inflammation, monocytes and macrophages secrete cytokines and chemokines
that potentiate the inflammatory response by recruiting additional inflammatory cells (22). We
found that THP1 monocyte-derived macrophages (THP1 MO), differentiated using phorbol 12-
myristate 13-acetate (PMA), constitutively secreted YRS and secretion appeared to be unaffected
by treatment with IFNa, IFN, IFNy or interleukin (IL)4 (Fig. 3.2A, B). A TNFa ELISA revealed that
treatment of THP1 MO macrophages with recombinant YRS (50 nM) for 3 h induced the release
of TNFa into the medium (N = 2; Fig. 3.1B). TNFa was not released when YRS had been heat-
denatured, revealing a requirement for native tertiary structure of YRS. The stimulation of cytokine
and chemokine production by YRS (50 nM) from human peripheral blood mononuclear cell
(PBMC)-derived macrophages was measured using a protein array of 36 cytokines and
chemokines (Fig. 3.1C, Fig. 3.3). Thereby, we confirmed that YRS increased the secretion of
TNFa from human PBMC, as well as CCL3 and CCL4 (MIP-1a/B), CXCL1 (KC), and CXCLS8 (IL8)
(N = 2; Fig. 3.1C, D).

3.3.2 YRS signaled through Toll-like receptor 2

The transcription and release of cytokines such as TNFa from a variety of cells involves the NF-
kB signaling pathway that leads to coordination of proinflammatory responses (103). Therefore,
we investigated whether the NF-xB pathway is involved in the YRS-mediated stimulation of
cytokine and chemokine secretion from macrophages. Treatment of PMA-derived THP1
macrophages with YRS led to phosphorylation of the p65 subunit of NF-xB within 10 min, with
maximal levels of phosphorylated (p)-p65 (N = 3; Fig. 3.4A, B) at 30 min. This rapid increase in
active p-p65 corresponded to maximal reduction of the NF-kB inhibitor, IkB-a (N = 3; Fig. 3.4A,
C), indicating that YRS directly activates the NF-kB signaling pathway in macrophages.
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NF-kB signaling occurs after pattern recognition receptors are triggered, including Toll-like
receptors (TLR) 2 and TLR4 on macrophages and monocytes that stimulate innate immune
responses (215, 217). We screened for YRS activation of TLRs using HEK293 TLR NF-xB
reporter cell lines: YRS (50 nM) stimulated NF-«B reporter signaling through TLR2, but not TLR4
or the cytosolic DNA receptor TLR9 (N = 2; Fig. 3.4D). TLR2 signaling was abolished by heat-
denaturation of YRS, consistent with the effect of heat-denaturation on chemotaxis of monocytes

(Fig. 3.1A) and TNFa release from macrophages (Fig. 3.1B).

To confirm that YRS initiates NF-xB signaling through TLR2 in macrophages, we treated THP1-
derived macrophages with a TLR2 neutralizing antibody and TLR2 pathway inhibitors that we
confirmed blocked TLR2-mediated signaling in the HEK293 TLR2 reporter cells (N = 2; Fig. 3.4E,
F). In THP1-derived macrophages, the TLR2-blocking antibody (5 pug/mL) reduced TNFa
production by 95% compared to its isotype control, while a TLR4-blocking antibody failed to
reduce TNFa production compared to its isotype control (N = 3; Fig. 3.5A). TNFa production by
THP1 MO was also reduced by 74% by C29 (100 uM), a small molecule TLR2 signaling inhibitor
that inhibits myeloid differentiation primary response gene 88 recruitment to TLR2 (377), and
completely by BAY11-7082 (10 uM), a NF-xB nuclear translocation inhibitor that targets kB
kinase (375, 376) (N = 2; Fig. 3.5B). Thus, blocking either the extracellular domain of TLR2 with
an oTLR2 antibody, or interfering with intracellular components of the NF-xB signaling pathway
using chemical inhibitors disrupted YRS induced TNFa secretion, demonstrating that TLR2

mediates this proinflammatory response to YRS in macrophages.

As recombinant proteins expressed in E. coli can be contaminated with lipopolysaccharide (LPS),
a heat-stable activator of TLR signaling, the recombinant YRS used in all of the experiments
presented herein were expressed in E. coli ClearColi® BL21 (DE3) cells (380, 381). This strain
of E. coli produces a lipid variant LPS that does not trigger an endotoxic response in human cells.
Additional measures were taken to eliminate any LPS contamination: inclusion of Triton X114
during YRS purification, polymyxin B-agarose extraction of purified recombinant YRS, and
inclusion of polymyxin B in cell culture experiments to scavenge any contaminating endotoxin. To
validate the efficacy of our strategy in eliminating any endotoxin contamination of YRS, we
assessed TNFa release from THP1-derived macrophages: 10 ug/mL polymyxin B blocked TNFa

release from MO macrophages in response to LPS (100 ng/mL), but did not reduce TNFa release
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stimulated by YRS (50 nM) (N = 3; Fig. 3.5C). Heat-denaturation of YRS eliminated TNFa release

in the absence of polymyxin B, confirming the absence of endotoxin (N = 3; Fig. 3.5D).

3.3.3 MMPs induced by TNFa cleaved YRS

TNFa is known to increase MMP expression (44). Since YRS stimulated TNFa secretion from
macrophages, we assessed whether YRS could induce MMP expression. THP1-derived
macrophages were treated with YRS (50 nM) or TNFa (50 ng/mL) (N = 3; Fig. 3.6A) with or without
the TNFa inhibitory antibody Inflixamab (100 ng/mL). Treatment of the macrophages with YRS
markedly increased MMP activity (measured by cleavage of a quenched fluorescent MMP peptide
substrate) in the medium to a level comparable with that induced by TNFa. Inflixamab negated
the YRS-stimulated increase in MMP activity, suggesting that YRS stimulated MMP production
through TNFa..

Our previous results identified YRS as a candidate MMP substrate (177, 185, 186, 196). Hence,
we explored whether the MMPs induced by YRS treatment of macrophages could cleave YRS.
Conditioned medium was harvested from TNFo-treated MO macrophages and treated with 1 mM
p-aminophenylmercuric acetate (APMA) to activate MMPs (27) prior to incubation with
recombinant human YRS. Incubation led to a strong reduction in the YRS protein band at 62 kDa
(N = 3; Fig. 3.6B), which was abrogated by Marimastat (10 uM), a broad-spectrum
metalloproteinase inhibitor (403), demonstrating that metalloproteinase activity in the conditioned
media was involved in YRS cleavage. This suggests a feedback mechanism where YRS drives

MMP expression through TNFa, and these proteases can cleave YRS.

3.3.4 YRS was cleaved by MMPs

To further elucidate which MMPs can cleave YRS, we conducted in vitro cleavage assays with
ten MMPs. Serine proteases neutrophil elastase and plasmin were included as positive controls
as they have been reported to cleave YRS (207, 229). Before incubation, the activity of each MMP
was confirmed using quenched fluorescent peptide cleavage assays (not shown). Ata 1:10 molar
ratio MMP:YRS, MMP2, MMP7, MMP8, MMP9, MMP12, and MMP13 completely processed 62
kDa YRS to a major ~41 kDa form (N = 2; Fig. 3.7A). MMP8, MMP9 and MMP13 produced a
doublet, similar to that produced by plasmin. MMP1, MMP3 and MMP10 incompletely cleaved
YRS, whereas MMP14 cleavage resulted in multiple bands indicative of degradation. Neutrophil

elastase completely degraded YRS.
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We compared cleavage efficiencies and potential differences in specificity by incubating YRS at
a range of molar ratios and calculated kinetic parameters using densitometry (Fig. 3.7B). Four
MMPs with the highest cleavage efficiency of YRS, MMP7, MMP8, MMP12, and MMP13
generated the stable fragment comigrating at ~41 kDa all at 1:100 molar ratio MMP:YRS. At
higher molar ratios, MMP7 failed to degrade the ~41 kDa fragment, whereas increasing
concentrations of the serine proteases neutrophil elastase and plasmin, resulted in complete
degradation of YRS (Fig. 5B). The efficiency of the MMPs varied considerably: MMP7 was more
efficient, processing YRS almost entirely at a 1:100 molar ratio MMP:YRS compared to MMP10

which did not process YRS entirely even at a greater molar ratio of 1:5.

To identify the cleavage sites for MMPs in YRS, we excised YRS and MMP-generated fragments
from SDS-PAGE gels and performed in gel trypsin digests followed by liquid chromatography
tandem MS (LC-MS/MS) (Fig. 3.8A). Since trypsin cuts after arginine and lysine residues, any
peptide resulting from proteases with different cleavage specificity are identified as “semi-tryptic”
peptides. Peptide mapping of cleavage fragments confirmed that the 41 kDa fragment and
additional major cleavage products were either the original N-terminus of YRS, or were processed
at "®Arg|'"Asn. Thus, we concluded that the conversion of YRS from 62 k Da to 41 kDa was
mediated by C-terminal cleavages. Indeed, Edman degradation sequencing confirmed that the
41 kDa band generated by MMP8 contained the N-terminus of YRS, whereas N-terminal
sequencing of lower molecular weight cleavage products generated by MMP7 and MMP12
indicated cleavage within the YRS catalytic domain by MMP7 at '®*Gly|'**Leu and MMP12 at
203Gly|2%Tyr, and a C-terminal cleavage by MMP12 at *®Gly|**®Leu (Fig. 3.8B).

We also used Amino-Terminal Oriented Mass Spectrometry of Substrates (ATOMS) (383, 384),
a highly sensitive targeted approach for identifying N-termini generated by proteolysis to identify
MMP cleavage sites in YRS (Fig. 3.9). In accordance with the N-terminal sequence for MMP12
identified by Edman sequencing suggesting a cleavage site at VSG*®|**®LvVQ (Fig. 3.8B),
ATOMS indicated that all the MMPs tested cleaved in this region, i.e. close to the beginning of
the C-terminal EMAPII-like domain at VSG**®|*°LvQ, and within this domain at ADS%%* |3¥7LYV,
or at DSL® | 38YVE (MMP3) (Fig. 3.9). N-terminal fragments generated by these cleavages, (1 —
386)YRS and (1 -405)YRS, have predicted molecular weights of 43 kDa and 45 kDa, respectively
(Fig. 3.10), that are comparable to the major YRS cleavage products identified by SDS-PAGE
(Fig. 3.8A, Fig. 3.10). Thus, MMPs cleave YRS at the C-terminus at ADS%*°|*¥LYV and
VSG*® |*%LVvQ (Fig. 3.10).
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3.3.5 MMP-cleavage enhanced the YRS-induced proinflammatory responses

Proteolytic processing by MMPs can alter protein function to modulate inflammation (22-25).
Therefore, we investigated whether MMP cleavage affects the proinflammatory activities of YRS.
We focused on MMP7 and MMP8, since they are secreted by immune cells and showed relatively
high cleavage efficiency for YRS (Fig. 3.7B). Cleavage of YRS with MMP7 and MMP8 (Fig. 3.11A)
increased THP1 monocyte chemotaxis in the Transwell assay 1.6-fold and 1.9-fold, respectively,
compared to full-length YRS (50 nM) (N = 2; Fig. 3.11B). Activation of NF-«xB in the HEK293 TLR2
reporter system was enhanced 2.0-fold and 2.4-fold by MMP7 and MMP8 cleavage respectively
compared to intact YRS (50 nM) (N = 2; Fig. 3.11C). Additionally, TNFa release from THP1-
derived macrophages increased 1.6-fold and 2.3-fold after treatment with MMP7 and MMP8-
cleaved YRS respectively compared to intact YRS (50 nM) (N = 3; Fig. 3.11D). Thus, MMP

cleavage of YRS potentiates the proinflammatory activity of YRS.

3.4 Discussion

MMPs are key regulators of inflammation (16, 21-24, 196, 363): These metalloproteases achieve
such regulation through cleavage of a wide range of signaling molecules that alters their activity,
for example, turning off activity to dampen inflammation such as with IFNy (24) and the monocyte
chemoattractant protein (MCP) chemokines (23, 168), or enhancing activity to promote
infammation as with neutrophil chemokines like IL8 (25) and monocyte chemokines like CCL15
and CCL23 (404). Recently we demonstrated that the proinflammatory activities of tryptophanyl-
tRNA synthetase, secreted in response to IFNy, are abrogated by MMP cleavage [Jobin et al.
unpublished]. Conversely, here we show that MMP7 and MMP8 cleavages within the C-terminal
EMAPII domain at Ser®®|*7eu and Gly*®®|*®Leu that generate stable proteoforms of YRS, (1-
386)YRS and (1-405)YRS potentiate proinflammatory activities of YRS, namely monocyte
chemotaxis, TLR2/NF-«B signaling, and TNFa release from macrophages. These cleavage sites
are supported by our previous TAILS degradomic screens that revealed MMP-dependent
cleavage of YRS in vivo and in vitro; in murine Mmp2™" vs. wild-type mouse models of PMA-
induced skin inflammation (186); in the secretomes of murine Mmp2™" fibroblasts treated with
recombinant MMP2, where cleavage at Gly**®|*®®|eu (185) was also found in the present study;
and in the secretomes of murine RAW264.7 macrophages treated with TNFa (cleavage at

387
l

Leu® |38Tyr, a site matching one we found in vitro here for MMP3) (196). Here we confirmed

that multiple MMPs cleave YRS at sites in the C-terminal EMAPII domain including ADS3¢ |37 YV
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and VSG*® | *%°LvQ, with these and other sites identified in vivo that are often up or down stream

by one residue due to exopeptidase activity known as peptide “ragging”.

MMP regulation of the cytokine activity of YRS has previously been reported for the D.
melanogaster homologue of MMP2: YRS secreted from apoptotic D. melanogaster hemocytes
acted as a chemoattractant of hemocytes as did MMP2-generated YRS fragments, both
promoting clearance of the dying cells (224). Proteoforms of YRS lacking the C-terminus are
generated by alternative splicing and by serine proteases: An alternatively spliced form of
intracellular YRS, (1-380)YRS, was identified by transcript analyses in leukocytes and spleen
(205). Neutrophil elastase is reported to cleave YRS in or near the C-terminal EMAPII domain at
Ala®®|**®Lys and Ser®*®|**"Arg to generate (1-355)YRS and (1-366)YRS respectively, whereas
plasmin cuts at Lys®*2|3*3Gly and Lys>*® | **"GIn yielding (1-352)YRS and (1-356)YRS, respectively
(229). Previously, neutrophil elastase was shown to produce (1-364)YRS from recombinant YRS
that was a leukocyte chemoattractant (235), and studies have shown that conformational changes
induced by alternative splicing (220), serine protease cleavage (207, 229), or in a gain of function
mutation (Y341A) are responsible for initiating cytokine activity (229). We determined that intact
YRS activated NF-«kB signaling through TLR2, and that MMP cleavage enhanced this signaling,
presumably due to conformational change induced by truncation similar to that caused by
alternative splicing (220) and serine protease cleavage (207, 229). Native YRS was previously
found to bind directly but not stimulate TLR4 (220), whereas YRS with a conformation-changing
Y341A mutation activated TLR2 and TLR4 signaling in human and murine leukocytes (220).
Future research should address which elements of YRS are necessary to engage and activate

TLR signaling.

TNFa induces MMP expression and activity from macrophages through signaling pathways
including NF-kB (44). We demonstrated that YRS, through the release of TNFa, promoted an
increase in macrophage metalloproteinase activity. We propose a positive-feedback mechanism
where proteoforms of YRS generated by MMP cleavage are involved in the recruitment of
monocytes that differentiate into macrophages once at the site of inflammation. As macrophages
release MMPs that cleave and activate further the inflammatory properties of YRS (Fig. 3.12), we
suggest this would accentuate the inflammatory response, analogous to the MMP8/elastase-
mediated feed-forward mechanism of IL8 activation for neutrophil chemotaxis (25, 174).
Interestingly, neutrophil elastase and plasmin completely degraded YRS at higher molar ratios,

whereas MMPs generated stable products. MMP8 is a neutrophil-specific protease that activates
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IL8 (25) and inactivates as-antitrypsin, a potent elastase inhibitor, and so removes the block in
vivo for the highly efficient activating cleavage of IL8 by elastase (174). As MMPs cleave and
inactivate several serine protease inhibitors, including az-antiplasmin (405), by relieving serine
protease inhibition at different phases of the inflammatory process, serine protease activity could
further regulate net YRS activity. The challenge now is to assess the mechanism of YRS
regulation by MMPs in the context of healthy and diseased states in vivo to now assess the depth

of this proteolytic tuning of the highly regulated inflammatory response.

3.5 Material and methods
3.5.1 YRS expression and purification

Human YRS (residues 1-528) with a C-terminal His-tag in pET28a was expressed in ClearColi®
BL21(DE3) (Lucigen) in Lennox Broth under kanamycin (20 pug/mL) selection. Harvested cell
pellets were resuspended in ice-cold column buffer (20 mM KH2PO4, 500 mM NaCl, 10 mM
imidazole, 2 mM B-mercaptoethanol, pH 7.8) with protease inhibitors (1 mM AEBSF, 1 mM EDTA,
10 uM E-64, 10 yM leupeptin, and 1 uM pepstatin A). Clarified cell lysates were treated with Triton
X114 as previously described (388). Treated lysates were applied to a Ni-NTA Perfect Pro
(Qiagen) column that was washed with column buffer at pH 7.8, pH 6, then pH 5.2, and bound
protein was eluted with a 25 — 250 mM imidazole gradient in column buffer. Protein-containing
fractions were pooled and dialyzed against PBS/15% glycerol. Pooled fractions were passed
through a polymyxin B-agarose column (Millipore-Sigma) before aliquoting and storage at —80

°C. Protein concentration was determined by bicinchoinic acid assay (Thermo-Fisher Scientific).

3.5.2 Cell culture

The human monocytic cell line THP1 (ATCC #TIB-202) was cultured in RPMI growth medium:
RPMI-1640, 4.5 g/L glucose, 10% (v/v) cosmic calf serum (CCS), 50 ug/mL streptomycin, and 50
U/mL penicillin. THP1 MO macrophages were generated by differentiation of THP1 monocytes (1
x 10° cells/mL) with 100 ng/mL phorbol 12-myristate 13-acetate (PMA) as previously described
(24). Experiments were performed using PMA-differentiated THP1 MO macrophages
synchronized for 24 h growth in serum-free medium containing 10 ug/mL polymyxin B. For NF-
kB pathway analyses, THP1 MO cells were treated with 50 nM YRS for various times. Cells were
washed with PBS and lysed with 50 mM Tris-HCI, 150 mM NaCl, 10 mM EDTA, 0.2% (w/v)
Zwittergent, pH 8 containing a protease and phosphatase inhibitor cocktail (Biotool).
Centrifugated cell lysates were assessed using immunoblotting as described below. For TNFa
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experiments, THP1 MO cells were treated for 3 h with 50 nM YRS, heat-denatured YRS (boiled
for 5 min), E. coli 0111:B4 lipopolysaccharide (LPS) (Millipore-Sigma), or PBS. TNFa in
conditioned media was measured using a human TNFa ELISA kit (Duoset® ELISA, R&D
Systems). 5 yg/mL TLR2-blocking antibody (#maba2-htlr2, InvivoGen), TLR4 blocking antibody
(#mabg-htlr4, InvivoGen), IgA2 isotype control antibody (#maba2-ctrl, InvivoGen), IgG1 isotype
control antibody (#mabgl-ctrim, InvivoGen), 1% (v/v) DMSO (vehicle), 100 uM C29
(MedChemExpress), 10 yM BAY11-7082 (Selleckchem), or a combination thereof were added 1
h prior to treatment with 50 nM YRS for 3 h for TLR inhibitor experiments.

Human peripheral blood mononuclear cells (PBMC) were obtained from Ficoll-Pacque™ PLUS
(GE Healthcare) separated blood samples. Healthy volunteers donated blood according to a
University of British Columbia Clinical Research Ethics Board approved protocol (#H06-00047).
All donors provided informed consent and research was conducted in accordance with the
Declaration of Helsinki. Monocytes were isolated from the human PBMCs using an EasySep™
Human Monocyte Isolation Kit (Stemcell) according to manufacturer’s instructions. Monocytes (2
x 10°/mL) were differentiated into primary macrophages (MO0) by culturing in ImmunoCult™-SF
Macrophage Medium containing 50 ng/mL monocyte-colony stimulating factor (both Stemcell) for
4 days. For cytokine and chemokine array analysis, serum-starved PBMC-derived MO were
treated for 3 h in serum-free growth medium, 10 pg/mL polymyxin B with 50 nM YRS or PBS.
Conditioned media, cleared by centrifugation, were assayed using a Human Cytokine Array®
(#ARY005B, R&D Systems) as per manufacturer’s instructions. Membranes were blocked with
Odyssey Blocking Buffer (LI-COR) for 20 min, before incubation 1 h at 25 °C with Streptavidin
conjugated to Alexa Fluor® 680 (Thermo-Fisher Scientific). A LI-COR Odyssey infrared imager
(LI-COR) was used for imaging. Spots were quantified by densitometry using ImageJ software
(NIH).

3.5.3 Monocyte chemotaxis

YRS, heat-denatured YRS, CCL7 (all 50 nM), or PBS in RPMI-1640, 20 mM HEPES, 0.1% BSA,
10 pg/mL polymyxin B (chemotaxis buffer) was added to the lower wells of chemotaxis chambers
(Neuroprobe). THP1 monocytes, synchronized by serum-starvation, were resuspended in
chemotaxis buffer (1 x 10° cells/mL) and 2 x 10° cells were placed in the top wells separated by

a 5-um membrane. After incubation for 90 min at 37 °C, cells were harvested from the lower well
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and quantified using CyQUANT® (Thermo-Fisher Scientific). CCL7 was synthesized as
previously described (168).

3.54 TLRreporter assays

Human embryonic kidney 293 (HEK)-Blue™ cells co-expressing the NF-kB reporter system and
receptors TLR2, TLR4, TLR9 or receptor-null counterparts (Null1 and Null2) (all InvivoGen) were
cultured in DMEM growth medium (DMEM, 4.5 g/L glucose, 10% (v/v) CCS, 50 pg/mL
streptomycin, and 50 U/mL penicillin) with selective antibiotics. Cell maintenance and assays
were conducted according to manufacturer’s instructions. For reporter assays, 96-well plates
were seeded with TLR2 and Null1, TLR4 and Null2, or TLR9 and Nulll HEK-Blue™ cells and
treated with 50 nM YRS, heat-denatured YRS, or PBS with 10 ug/mL polymyxin B for 18 h. NF-
kB activation was assayed using conditioned medium and QUANTI-Blue™ detection medium
(InvivoGen). For TLR inhibitor experiments, cells were incubated with antibodies and inhibitors

for 1 h before treatment with 50 nM YRS for 18 h as for THP1-derived macrophages above.

3.5.5 YRS secretion assays

PMA-differentiated THP1 MO macrophages were transferred to serum-free media with 100 ng/mL
human IFNa (Cedarlane), 100 ng/mL IFNB, 20 ng/mL IFNy, or 40 ng/mL IL4 (all Peprotech).
Clarified conditioned media were harvested at times shown and protease inhibitor cocktail
(Biotool) and 1 mM EDTA were added. Cells were washed with PBS and lysed in buffer containing

protease inhibitor cocktail and 1 mM EDTA as above.

Proteins in conditioned media were precipitated by 15% (v/v) trichloroacetic acid and the resulting
protein pellets were washed with 100% acetone. Air-dried pellets were re-solubilized by boiling
for 5 min in 4 x SDS-PAGE loading buffer (0.5 M Tris, 8 M urea, 8% (w/v) SDS, pH 6.8), and then
diluted 1 in 4 in water. Protein concentrations were determined by absorbance measurements at

Azgo nm.

3.5.6 Immunoblotting

Reduced samples were separated using 10% SDS-PAGE and transferred to PVDF membranes
(Immobilon-FL, Millipore-Sigma). Membranes were blocked with Odyssey Blocking Buffer for 20
min, after which primary antibodies (at concentrations recommended by manufacturers) in 5%
BSA with 0.05% Tween 20 were added and incubated overnight at 4 °C. Primary antibodies were:

Affinity-purified polyclonal antibody for the N-terminus of YRS (#A305-064A, Bethyl Laboratories);
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monoclonal antibodies phospho-NF-kB p65 (Ser 536; #3033) and total IkB-a (#4814) (both Cell
Signaling Technology); a-tubulin (#sc-53646, Santa Cruz Biotechnology). After washing the
membranes in PBS with 0.05% Tween 20, secondary antibodies were incubated (at
concentrations recommended by manufacturers) in 1% BSA with 0.05% Tween 20 for 1 h at 25
°C. Secondary antibodies were: goat anti-mouse 1gG conjugated to IRDye 800CW (LI-COR) and
goat anti-rabbit 1IgG conjugated to Alexa Fluor® 680 (Thermo-Fisher Scientific). Immunoblots
were washed and analyzed using a LI-COR Odyssey infrared imager and immunoreactive bands

were quantified by densitometry using Imaged software (NIH).

3.5.7 MMP expression, purification, and activity assays

Recombinant human MMP1, MMP2, MMP3, MMP8, MMP9, MMP12, MMP13, MMP 14 without
the transmembrane helix, MMP7 and murine MMP10 were produced as previously described
(389). A quenched fluorescence synthetic peptide substrate cleavage assay using Mca-Pro-Leu-
GlyJLeu-Dpa-Ala-Arg-NH, (R&D systems) was used to confirm MMP activation as previously
described (389, 390). THP1-derived MO macrophages were cultured in phenol red-free RPMI-
1640 serum-free growth medium with 10 ug/mL polymyxin B (Millipore-Sigma) incubated with 50
nM YRS, heat-denatured YRS, 40 ug/mL TNFa, or PBS + 100 ug/mL Inflixamab (#NBP2-52655,
Novus Biologicals). Conditioned medium, clarified by centrifugation, was concentrated 20x using
Ultra-4 Centrifugal Filter Units (Amicon). MMP activity in 40 pug conditioned medium protein was

quantified by quenched fluorescence peptide cleavage activity as above.

3.5.8 YRS cleavage assays

YRS was incubated for 18 h at 37 °C in HEPES buffer: 50 mM HEPES, 150 mM NaCl, 5 mM
CaClz, pH 7.2 at various protease:YRS molar ratios. Human neutrophil elastase (Millipore-Sigma)
and plasmin (Biovision) were reconstituted in 50 mM HEPES, 150 mM NacCl, 5 mM CaCl,, pH 7.2.
All proMMPs were activated in HEPES buffer containing 1 mM p-aminophenylmercuric acetate
(APMA) for 20 min at 22 °C. APMA was removed by dialysis against HEPES buffer at 4 °C.

Clarified conditioned media from THP1 MO cells cultured in serum-free growth medium with 40
pug/mL TNFa for 24 h was concentrated 20x as above. Concentrated media were treated with 1
mM APMA for 20 min at 25 °C and APMA was removed as before. YRS was added at a
medium:YRS total protein ratio of 5:1 and incubated for 18 h at 37 °C. YRS cleavage products
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were visualized by SDS-PAGE analysis and Coomassie Brilliant Blue-250 staining and western

blotting.

3.5.9 LC-MS/MS analysis of MMP cleavage of YRS

YRS (1 pg) was digested + MMPs for 18 h 37 °C using molar ratios MMP:YRS: MMP2, 1:10;
MMP3, 1:10; MMP7, 1:50; MMP8, 1:50; MMP9, 1:50; MMP10, 1:5; MMP12, 1:50; MMP13, 1:50;
and MMP14, 1:10. Reactions were diluted into 3 in 4 in buffer (0.5 M Tris, 8% (w/v) SDS, pH 6.8,
20% (v/v) B-mercaptoethanol) and boiled for 5 min before resolving by 10% SDS-PAGE. MMP-
digested YRS bands were stained with Coomassie brilliant Blue G-250 and excised from the gels,
destained with methanol and lyophilized. Gel slices were rehydrated in15 yL MS-grade trypsin
(12 ng/pL in 50 mM ammonium bicarbonate) for 45 min at 4 °C. After pulse-centrifugation, buffer
was removed, and the gel plugs were resuspended in 50 mM ammonium bicarbonate and
incubated at 37 °C for 18 h. After centrifugation as above, polyacrylamide plugs were discarded
and supernatants were desalted using StageTips (391). Samples were analyzed by LC-MS/MS
as previously described (Chapter 2). The N-terminal peptides of MMP cleaved YRS proteoforms
excised from the gels were determined by peptide mapping. The mass spectrometry data has
been deposited with the ProteomeXchange Consortium (393) via the PRIDE partner repository
(394) with the dataset identifier PXD013197.

3.5.10 MMP cleavage site determination

YRS cleavage sites were determined by Edman degradation (performed by the Tufts University
Core Facility) as previously described (383, 384) and by ATOMS (383, 384). Briefly, YRS (100
Mg) was incubated + MMP (at molar ratios detailed in the previous section) at 37 °C for 18 h.
Proteins were denatured in 4 M guanidine-HCI, cysteines were reduced using 5 mM DTT for 1 h
at 37 °C and alkylated using 15 mM iodoacetamide for 15 min at room temperature in the dark.
Excess iodoacetamide was quenched with 15 mM DTT for 30 min at 37 °C. Lysine and N-terminal
amine groups in MMP-digested samples were labeled using 40 mM heavy formaldehyde (C'D,0)
(+ MMP), and in samples without MMPs using light formaldehyde (CH2O), both in the presence
of 20 mM sodium cyanoborohydride at 37 °C for 18 h. Excess formaldehyde was quenched with
50 mM ammonium bicarbonate at 37 °C for 2 h. Samples were mixed, split equally between 2
tubes, and digested with either 1 ug/mL MS-grade trypsin (Thermo-Fisher Scientific) or 1 ug/mL
GIuC (Staphylococcus aureus protease V8, Worthington) for 16 h at 37 °C. Samples were
desalted using StageTips (391), analyzed by LC-MS/MS and cleavage sites were analyzed as
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described previously (Chapter 2). Cleavage sites with a charged or hydrophilic residue in the P1’
position except for cysteine and glutamine were not further considered as they did not match the
major substrate preferences derived from > 4,000 MMP cleavage sites (389). The ATOMS mass
spectrometry data have been deposited as above with the dataset identifier PXD013366.

3.5.11 Statistics

GraphPad Prism version 5.0b software was used to perform all statistical testing as detailed in

the figure legends.
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3.6 Figures and figure legends
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Figure 3.1 Increased THP1 monocyte chemotaxis, TNFa secretion, and chemokine
secretion induced by YRS.

(A) Transwell chemotaxis assay of THP1 monocytes in response to 50 nM recombinant human
YRS, 50 nM heat-denatured YRS (100 °C YRS), or buffer. CCL7 (50 nM) was used as a positive
control. After 90 min, cells in the lower chamber were counted. Data was plotted as fold change
compared to buffer (mean + S.D., n = 3) of N = 3 independent experiments. (B) ELISA of TNFa
protein levels in THP1 MO macrophage conditioned media after treatment for 3 h with 50 nM YRS,
heat-denatured YRS (100 °C YRS), or buffer control (mean + S.D., n = 4) of N = 2 independent
experiments. (C) Cytokine protein levels in the conditioned media of human peripheral blood
mononuclear-derived macrophages treated for 3 h + 50 nM YRS detected by a human cytokine
array. The cytokines and chemokines with significant changes in expression + YRS are boxed.
The identity of all the cytokines and chemokines blotted is shown in Fig. 3.3. (D) Mean pixel
intensities were measured by densitometric analysis and plotted as fold changes + YRS
compared to— YRS (mean + S.D., n=4) of N =2 independent experiments. Statistical significance
was determined: against buffer for A, B using a one-way ANOVA with Dunnett’'s multiple
comparison posttests; between + YRS conditions for D using an unpaired two tailed Student’s t-
test. *** p < 0.001, ns, not significant.
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Figure 3.2 YRS expression and secretion in THP1 cells was constitutive.

Immunoblots of replicate samples (1 and 2) of PMA-differentiated THP1-derived macrophages
(THP1 MO) treated for 48 h with buffer (Ctrl), (A) IFNa, IFNB (100 ng/mL each), or (B) IFNy (20
ng/mL), or IL4 (40 ng/mL). An antibody specific to the N-terminus of YRS (aN-YRS) was used to
identify YRS in conditioned media and cell lysates. *, nonspecific immunoreactive band.
Standards: YRS: Recombinant human YRS (band ~62 kDa); tubulin, loading control.
Representative immunoblots after 10% SDS-PAGE are shown of N = 2 independent experiments.
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Figure 3.3 Grid showing layout of the cytokine protein array used to analyze conditioned

media of human peripheral blood mononuclear-derived macrophages following

stimulation by YRS.

The cytokines and chemokines with significant changes in expression in Fig. 3.1C are boxed. +,
positive control spots; —, negative control protein spots.
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Figure 3.4 YRS stimulated NF-kB signaling through TLR2.

(A) Representative immunoblots of phosphorylated (p)-p65 NF-kB and inhibitor of NF-xB (IxB-c)
following treatment of PMA-differentiated THP1-derived human macrophages with 50 nM
recombinant human YRS for the times shown. An immunoblot of a-tubulin is shown as the loading
control. (B, C) Quantification of relative band densities of p-p65 NF-xB and IkB-a plotted as mean
+ S.D. of N = 3 independent experiments. (D) HEK293 cells expressing TLR2, 4, or 9 with a NF-
kB alkaline phosphatase (AP) reporter system, were treated for 18 h with 50 nM recombinant
human YRS, heat-denatured YRS (100 °C YRS), or buffer. (E) TLR2 reporter cells were pre-
treated for 1 h with 5 pg/mL TLR2-blocking antibody (o TLR2), isotype control IgA2, or buffer prior
to treatment £ 50 nM YRS for 18 h. (F) TLR2 reporter cells were pre-treated for 1 h with 100 uM
TLR2 inhibitor C29, 10 uM NF-xB activation inhibitor BAY11-7082 that targets IxB kinase, or
vehicle (1% (v/v) DMSO) prior to treatment + 50 nM YRS for 18 h. The relative activity of alkaline
phosphatase was plotted: A, fold changes compared to buffer (means + S.D., n = 4) of N = 2
independent experiments; TLR9, N = 1; B— C, TLR2 fold change compared to the — YRS control
for each treatment (means + S.D., n = 4) of N = 2 independent experiments. Statistical significance
was determined: B — C, against 0 h using a one-way ANOVA with Dunnett’s multiple comparison
posttests; D, against buffer using a one-way ANOVA with Dunnett’s multiple comparison posttests
for TLR2 and an unpaired two-tailed Student’s t-test for TLR4/9; E — F, against buffer (or vehicle)
and antibody (or inhibitor) treatment in the presence of YRS (+ YRS) using a two-tailed unpaired
Student’s t-test. *, p < 0.05; ** p < 0.01; *** p < 0.001; ns, not significant.
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Figure 3.5 Inhibition of TLR2 signaling reduced YRS-mediated TNFa release from THP1
macrophages.

TNFa released to the conditioned media of PMA-differentiated THP1-derived macrophages in
response to treatment with 50 nM recombinant human YRS for 3 h after pre-treatment for 1 h with
(A) 5 pg/mL TLR2- or TLR4-blocking antibodies (' TLR2, o TLR4) or isotype controls (mean +
S.D., n = 4) of N = 3 independent experiments), or (B) TLR2 inhibitor 100 uM C29, 10 uM IxB
kinase inhibitor BAY11-7082, or vehicle (1% (v/v) DMSO) (mean + S.D.,, n = 4) of N = 2
independent experiments). (C) TNFa in the conditioned media of PMA-differentiated THP1-
derived macrophages treated for 3 h £ 10 ug/mL polymyxin B (PxB) with 50 nM YRS, 100 ng/mL
lipopolysaccharide (LPS), or buffer, or (D) 50 nM heat-denatured YRS (100 °C YRS), was
measured by ELISA. Data were plotted as means + S.D. (n =4) of N = 3 independent experiments.
Statistical significance was determined: A, between each isotype control and antibody using a
two-tailed unpaired Student’s t-test; B, against vehicle using a one-way ANOVA with Dunnett’s
multiple comparison posttests; C — D, between the — polymyxin B and + polymyxin B conditions
using a two-tailed unpaired Student’s t-test. *, p < 0.05; *** p < 0.001; ns, not significant.
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Figure 3.6 YRS increased macrophage MMP activity in a TNFa-dependent pathway.

(A) PMA-differentiated THP1-derived macrophages were treated for 24 h with 50 nM recombinant
human YRS, 40 ng/mL TNFa, or buffer, with or without a monoclonal antibody inhibitor of TNFa.
(100 ng/mL Inflixamab, IN). MMPs in concentrated conditioned media (20x) were activated with
1 mM p-aminophenylmercuric acetate (APMA) and cleavage of a quenched fluorescence peptide
substrate Mca-Pro-Leu-Gly{Leu-Dpa-Ala-Arg-NH, was measured (mean + S.D., n=3)in N =3
independent experiments. Statistical significance was determined against ‘buffer + Inflixamab’
using a one-way ANOVA with Dunnett's multiple comparison posttest. **, p < 0.01; ns, not
significant. (B) To induce MMP expression, PMA-differentiated THP1-derived macrophages were
treated for 24 h with 40 ng/mL TNFa MMPs in the concentrated conditioned media (20x) were
activated with 1 mM APMA for 20 min at 22 °C prior to addition of YRS (~62 kDa) + MMP inhibitor
(10 uM Marimastat), at a protein ratio of 5:1 media:YRS, for 18 h at 37 °C. Samples were resolved
by 10% SDS-PAGE and stained with Coomassie Brilliant Blue G-250. The ~66 kDa band is BSA
in the concentrated conditioned medium. A representative gel of N = 3 independent experiments
is shown.
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Figure 3.7 Coomassie blue-stained SDS-PAGE analysis of YRS cleavage by recombinant
MMPs in vitro.
(A) Recombinant human YRS (~62 kDa) was incubated for 18 h at 37 °C with recombinant MMPs,
neutrophil elastase or plasmin (1:10 molar ratio protease:YRS), N = 2 independent experiments.
(B) YRS was incubated for 18 h at 37 °C at the protease:YRS molar ratios shown. Cleavage
products were analyzed by (A) 12% or (B) 10% SDS-PAGE with Coomassie Brilliant Blue G-250
staining. Controls (+) are the highest concentration of protease without YRS. Cleavage products
are indicated by arrows.
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Figure 3.8 MMP-cleaved YRS protein bands sequenced by LC-MS/MS and Edman

degradation.

(A) LC-MS/MS was used to identify the N-terminal peptide of MMP-cleaved YRS bands. After
MMP digestion of 2 uM recombinant human YRS for 18 h at 37 °C (MMP:YRS molar ratios used
were guided by results shown in Fig. 3.7B), cleavage products or the full-length ~62 kDa YRS
(top left) were resolved by 10% SDS-PAGE and stained with Coomassie Brilliant Blue G-250.
Bands were excised, digested with trypsin for analysis by LC-MS/MS. N-terminal semi-tryptic
peptides identified from YRS cleavage products are shown (i.e. resulting from MMP cleavage
before SDS-PAGE and trypsin digestion). Molecular weights shown were estimated from R¢
values. (B) YRS was incubated for 18 h at 37 °C + MMP7, MMP8, or MMP12 at 1:10 MMP:YRS
molar ratios. Cleavage products were resolved by 16.5% SDS-PAGE, transferred to PVDF
membrane and subjected to Edman degradation. N-terminal sequences are shown.

100



MMP2 MMP3
1( 230 342364 ][
TV s k’%ﬁ%ﬁy
M?GDA LSG1e3[ie4 Ly
183184
a S
292\\/D ASI#4AMS|IEG
MMP7 MMP8
§5°|\/|AK
o
KLH12
TRN™ EHP159[160 | S 232YV§
VDA'™®!'82QFG V' “05GLV
406
BAK i MRG
MMP9 MMP12
(
TDY'Z3124QLg TRN'"LQE
SR o (RTENY,
VPG2'7 AIE_ 254255
PGN VEN 440(a41
TEKmonel LKl D GRG Y ER
ALG20320sYSK* LKK3RBPELAS
MMP13 MMP14
){
LHA®PYLD S LYV PQK&T31M VPG2TZBLTG LGS |SC
91192 RV 401|402 A
TDY™22%#QLS \Ilagérms 406t/\>/(§ GAMSIT:L? :2; E_ECGA P 5 E|GL

YPGWBFLQA

VPGHELTG

Figure 3.9 Identification of MMP cleavage sites in YRS.
MMP cleavage sites in recombinant human YRS were determined by ATOMS N-terminal
positional proteomics, or by Edman degradation of proteins blotted to PVDF membranes as
shown in Fig. 3.8B. Cleavage sites identified by ATOMS ( | ), Edman degradation (*, underlined),
or by both (**) are shown. Yellow, Rossman fold catalytic domain; green, anticodon recognition
domain; blue, endothelial monocyte-activating polypeptide II-like (EMAPII) domain.
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Figure 3.10 Major YRS proteoforms generated by MMP cleavage of YRS.

(A) Human MMP cleavage sites in YRS were determined by N-terminal sequencing by Edman
degradation of proteins shown in Fig. 3.8B or by ATOMS N-terminal positional proteomics shown
in Fig. 3.9. Schematic diagrams of YRS with the MMP cleavage sites leading to predicted N-
terminal fragments of YRS (AYRS) are shown. Fragments predicted from cleavage sites are
aligned by molecular weight with fragments observed on SDS-PAGE gels in Fig 3.8A. Molecular
weights of predicted fragments were determined using the ExPASy pl/MW tool
(https://web.expasy.org/compute_pi/), and the molecular weight of YRS fragments observed by
SDS-PAGE were determined from relative migration distances compared with molecular weight
standards (Rr). MMPs generating each fragment are indicated. Yellow, Rossman fold catalytic
domain; green, anticodon recognition domain; blue, endothelial monocyte-activating polypeptide
lI-like (EMAPII) domain. (B) Table of cleavage sites common to predicted and measured
molecular weights, and the MMPs responsible.
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Figure 3.11 MMP7 and MMP8 cleavage of YRS increased monocyte chemotaxis, TLR2
signaling, NF-kB activation, and TNFa release by macrophages.

(A) Cleavage of recombinant human YRS (~62 kDa) by MMP7 and MMP8 (1:10 protease:YRS
molar ratio) for 18 h at 37 °C visualized by Coomassie Brilliant Blue G-250—stained 10% SDS-
PAGE. (B) Transwell chemotaxis assay (90 min) of THP1 monocytes towards 50 nM YRS, YRS
cleaved by MMP7 or MMP8, MMPs alone or buffer. Data are presented as fold change compared
to buffer alone (mean + S.D., n = 3) of N = 3 independent experiments. (C) HEK293 cells co-
expressing TLR2 and a NF-xB alkaline phosphatase (AP) reporter system were treated for 18 h
with 50 nM YRS, YRS cleaved by MMP7 or MMP8, MMPs alone or buffer. The relative activity of
alkaline phosphatase is plotted as fold change for TLR2 compared to buffer alone (mean + S.D.,
n = 4) of N = 2 independent experiments. (D) ELISA measurement of TNFa released to the
conditioned media of PMA-differentiated THP1-derived macrophages treated for 3 h with 50 nM
intact YRS or MMP7 or MMP8-cleaved YRS (plotted as mean + S.D., n = 4) of N = 3 independent
experiments. Statistical significance was determined between YRS treated with buffer and YRS
cleaved by MMP7 and MMP8 using a two-tailed unpaired Student’s t-test. *, p < 0.05; **, p < 0.01;
*** p <0.001.
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Figure 3.12 Feed-forward model of the YRS-MMP temporal relationship in first inducing
and then potentiating proinflammatory pathways.

1. Extracellular YRS activation of TLR2 signaling (2) triggering TNFa and chemokine release. 3.
TNFa and NF-xB activation upregulates MMP expression. Chemokine release recruits
neutrophils. 4. Macrophage MMP7 and neutrophil MMP8 processing of YRS generates truncated
proteoforms of YRS (AYRS). 5. AYRS drives inflammation by enhanced activation of TLR2
signaling in a feed-forward mechanism.
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Chapter 4: Conclusion and Outlook

My studies showed that MMPs process two tRNA synthetases and thereby modulate tRNA

synthetase moonlighting activities in regulating inflammation.

The aims of this thesis were to assess the bioactive roles MMPs play by targeting and processing
tRNA synthetases as moonlighting substrates, specifically WRS and YRS. Where WRS was
found to possess proinflammatory cytokine activity, MMP processing inactivated this function by
cleavage of the N-terminus of WRS (Chapter 2). Conversely, the novel proinflammatory activity
of YRS was found to be potentiated by MMP processing by cleavage in the C-terminus (Chapter
3). Together, these results reveal two tRNA synthetases, WRS and YRS, as extracellular
substrates of MMPs. MMPs modulate the moonlighting activities of WRS and YRS, but the relative
potency of the activities of WRS and YRS in modulating inflammation remains unknown. It is open
to speculation that MMPs attenuate inflammation through processing of WRS and potentiate
infammation through processing of YRS, suggesting divergent roles for MMPs in inflammation
depending on the substrate present. By modulating the proinflammatory moonlighting activities of
WRS and YRS, the functional network of MMP protease web is further expanded to encompass

a new class of multifunctional signaling cytokines, the tRNA synthetase family.

The studies performed in Chapters 2 and 3 showed that WRS and YRS both possessed
proinflammatory activities. While these studies were limited by their in vitro nature, the use of
protein antibody arrays as a screen for 36 different cytokines and chemokines produced from
macrophages is comparable to other modern approaches for screening for inflammatory stimuli.
Luminex magnetic bead-based immunoassays compare a similar number of cytokine analytes to
the membranes used in this thesis, and both methods are effective in determining the cytokine
response to stimuli (406). Nonetheless, future in vivo models of different inflammatory conditions

will be useful in determining the depth of the relationship of WRS and YRS in inflammation.

| showed mechanisms to describe the relationship of WRS and YRS to MMPs (Chapter 2, 3).
Secreted WRS stimulates TNFa release leading to the production of MMPs that process WRS
and reduce the proinflammatory activities of WRS (Chapter 2). Conversely, secreted YRS
stimulates TNFa release leading to the production of MMPs that process YRS and enhance the
proinflammatory activities of YRS (Chapter 3). Furthermore, this work represents the first
evidence of MMPs regulating tRNA synthetase moonlighting activities and provides insight on

how these novel functions depend upon appended domains unique to the eukaryotic versions of
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these enzymes. This sheds new light on how tRNA synthetases have been adapted by cells to
influence cell-cell signaling and how proteolysis has been adapted as a post-translational process

to afford cells control over signaling even after secretion.

While | focused on WRS and YRS, the discovery that MMP processing modulates extracellular
tRNA synthetase moonlighting activities is likely to extend to other cellular processes beyond the
inflammatory signaling explored here. Given that 18 tRNA synthetases (Table 1.1) have been
detected as candidate MMP substrates in degradomic screens (177, 185, 186, 189, 193, 196) —
it follows that the tRNA synthetase family represents an new pool of MMP substrates. As these
degradomic studies focus on different MMPs, a family-wide strategy to approach MMP-processing
of tRNA synthetases might prove useful to generate insight how proteolysis affects moonlighting
tRNA synthetase activity. Such an approach also provides clues to the cellular processes, like
inflammation, that these cleavage events might be relevant to. Not only did MMP2 and MMP14
cleave WRS and MMP2 and MMP12 cleave YRS, validating prior degradomic screens, | found 5
and 8 additional MMPs cleave WRS and YRS respectively (Chapter 2, 3). The discovery of
additional MMPs processing of these proteins hints at the wider relevance that MMPs might play

in regulating moonlighting protein activities.

Understanding the wider relevance of MMP regulation requires contextualizing the sources and
timing of MMPs. The inflammatory response presents an excellent example for this context-based
outlook, not only because it is directly related to the moonlighting activities explored in the
previous two chapters but because inflammation requires a time-layered response of cells to
inflammatory triggers. This temporal response depends on different MMPs being produced by
distinct immune cell-types responding at specific times. In this way, the appropriate timing of both
negative and positive feedback mechanisms is controlled to promote appropriate leukocyte
recruitment early in inflammation and to terminate recruitment later to prevent chronic

inflammation.

| showed that full-length WRS is secreted from cells in response to IFNy, which also induces M1
macrophage polarization (Chapter 2). WRS potentially favours/enhances this by stimulating
monocyte migration and TNFa release from macrophages (Chapter 2). Others have shown WRS
is released rapidly from immune cells exposed to bacterial infection (215). | speculate that early
in the immune response, neutrophil-specific proteases, such as neutrophil elastase and MMP8,

process extracellular full-length WRS to attenuate the response to WRS as a negative feedback
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mechanism. As inflammation progresses, the number of macrophages starts increasing at the
site of injury due to monocyte invasion and differentiation while the number of neutrophils
decrease. Macrophage-driven phagocytosis and clearance of dying cells changes the cytokine
profile at the site of inflammation (407—409). This shift in cell-type also changes the proteases
regulating inflammation. Macrophage proteases, such as MMP7, accumulate as the number of
macrophages increase, which can inactivate full-length WRS. However, to validate this
hypothesis, in vivo models are needed to assess the potency of MMPs in down-regulating

proinfammatory WRS.

WRS and MMP processing may play a role in macrophage polarization. Only briefly described in
Chapter 1 and Chapter 2, macrophages possess a range of phenotypes (131-133, 410, 411).
Different cytokines and conditions drive “activation” of macrophages into M1 and M2 populations
which loosely exhibit pro- and anti-inflammatory phenotypes respectively (131, 132). IFNy,
secreted from Type 1 helper T cells and natural killer cells during an immune response, is a major
driver of the M1 phenotype (132, 385, 386). IFNy drove expression and secretion of
proinflammatory WRS from macrophages accompanied by increased expression of the M1
phenotype intracellular marker indoleamine 2,3-dioxygenase (Chapter 2). WRS may be a marker
of the M1 phenotype, however assigning WRS as such a marker would require the same level of
scrutiny other macrophage markers have undergone and is beyond this scope of the work

presented in Chapter 2 (reviewed in (131, 132)).

M1 and M2 phenotypes are also temporally regulated during inflammation. During inflammation
resolution, Type 2 helper T cells produced cytokines including IL4 drive macrophages towards
the anti-inflammatory M2 phenotype (132, 385). MMPs affect macrophage phenotype (24, 412,
413). MMP12 regulates macrophage activation by processing IFNy, cleaving it once to initially
activate IFNy before inactivating IFNy with a second cleavage (24). MMP12 activation and
subsequent inactivation of IFNy is an example of negative feedback control of macrophage
populations (24). Although WRS and MMP12 cleavage was not explored here, WRS is a
candidate MMP12 substrate (196). Thus | speculate that not only do macrophages regulate a M1
stimulus in IFNy through MMP regulation, but also a M1 marker in WRS. Future research of the
relationship between MMP12 and WRS that models the approach of Dufour et al. (24) would be

useful in assessing this hypothesis.
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The feed-forward mechanism of MMP regulation of YRS that | presented in Chapter 3 is supported
by recent research (207, 220, 224, 228). This recent work has proposed that YRS has been
adapted by cells as a signal for chemotaxis (224). To build on the proposed feed-forward
mechanism of YRS-MMP regulation, | speculate that extracellular YRS first stimulates leukocyte
migration towards the site of injury as a “find-me” signal. Second, MMP processing of YRS
generates YRS proteoforms with increased proinflammatory activities, leading to an amplified or
more finely-tuned chemotactic gradient to recruit cells. CXCL8 is activated by MMP8 cleavage to
fine-tune chemotactic gradients (25). It is exciting to learn that moonlighting activities of YRS may
resemble the function of chemokines like CXCL8, thus the relationship of YRS to MMPs warrants

further investigation in in vivo studies beyond the scope of the work presented herein.

The secretion of WRS and YRS into the extracellular environment provides clues as to the
relevance of these tRNA synthetases in cell-cell signaling processes. These enzymes are crucial
to protein synthesis. Thus tRNA synthetases likely serve as intrinsic sensors of cellular viability
and amino acid availability that have been adapted by cells using secretion to convey cellular
viability status to nearby cells. For WRS, its moonlighting activity and its secretion induced by
IFNy appears to have some connection to the status of tryptophan as the least represented amino
acid in human proteins (~1%) (414). Tryptophan doubles in immune-related proteins such as
human major histocompatibility antigens and immunoglobulins (~2%) (415). Perhaps tryptophan
is underrepresented in non-immune related proteins to ensure WRS is primed to respond in
inflammation, increasing tryptophan incorporation into immune-related proteins while being
secreted rapidly in response to pathogen associated molecular pattern molecules and IFNy.
Despite Kapoor et al. previously determining only a fraction of subcellular WRS is secreted in
response to IFNy (~1.3%) (222), the elevation of WRS in the blood of sepsis patients with systemic

infection (215) demonstrates just how important this secreted fraction is.

A newly discovered role of extracellular WRS in mediating high-affinity uptake of tryptophan into
human cells further ties WRS to inflammation regulation (219). Miyanokoshi et al. demonstrated
a second, novel tryptophan import system alternative to the ubiquitously expressed neutral amino
acid transporter System L that imports tryptophan into cells (416—418). The tryptophan-selective
importer was identified as WRS, boasting a tryptophan uptake rate (Km= 150 nM) 100 x greater
than System L transporter (Km = 20 — 60 uM), making WRS a far more sensitive importer of lower
tryptophan concentrations characteristic in immune responses (419) (normal tryptophan

concentration in blood is ~50 uM (420)). Relevant to proteolysis, both WRS and A1-47 WRS are
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capable of importing tryptophan into cells while A1-93 WRS (a proteoform produced by neutrophil
elastase processing) does not. This result suggests that the N-terminus of WRS is necessary for
tryptophan import function and that proteases can inactivate this activity depending how much of
the sequence of the N-terminus of WRS the protease cuts off. Thus, proteases might regulate
tryptophan uptake into cells by inactivating WRS importation of tryptophan, making this a topic for
future research. This would further tie MMPs into inflammation regulation using WRS as a
substrate. Kynurenine, a byproduct of tryptophan catabolism, arrests T cell proliferation except
that of regulatory T cells, leading to immunosuppression (219). If sufficient WRS is processed into
a non-tryptophan importing proteoform by MMPs, dysregulation of T cell populations might occur
leading to dysregulated immunosuppression. Future study is needed to understand if this

regulation of tryptophan import by proteases occurs in vivo.

The physiological relevance of YRS secretion remains unclear. Only serum-starvation (207) and
apoptosis (224) induce YRS secretion. Research into the roles YRS plays in cellular stress has
revealed YRS might behave as a general stress transducer, mediating responses to starvation,
heat shock, endoplasmic reticulum stress (240), and oxidative stress (421). However, these
studies focused on the translocation of YRS into the nucleus where it activates poly-(ADP-ribose)
polymerase-1, not on the secretion of YRS. Future work should attempt to elucidate how YRS is

secreted from cells to circulate in in extracellular compartments like plasma (242).

The challenge is now to understand what forms of WRS and YRS are present when — as we learn
more about the activities of these moonlighting proteins in cellular processes, detecting them may
provide an avenue for the improvement of diagnostics and prognostics in relevant diseases.
Elevated levels of WRS in both the serum of sepsis patients with systemic infections (215) and
patients with chronic kidney disease (218) detected by antibodies indicates that WRS is a marker
of pathology. YRS circulates in human plasma (242), but nothing is known if YRS levels in plasma
change in disease states. Other moonlighting proteins, like HMGB1, are already being capitalized
on as clinical prognostic biomarkers (62, 422—-424) and as therapeutic targets (6366, 198, 425,
426) using sepsis as an example. Combining our knowledge that both WRS and MMP levels
increase in serum during sepsis (199, 215) suggests that tRNA synthetases like WRS are likely
targeted and processed by MMPs into different proteoforms exhibiting distinct activities from their

full-length forms.

109



The promise of tRNA synthetases as prognostic biomarkers hinges on the capability of direct
approaches to recognize and distinguish active proteoforms from inactive counterparts. Using
WRS and YRS as examples, their moonlighting activities are affected by their N- and C-terminal
domains respectively (Chapter 2, 3). One direct approach, the development of neo-epitope
antibodies (23, 427), is particularly amenable to distinguishing proteoforms of signaling proteins
generated by MMP cleavage (428). Neo-epitope antibodies recognize the N- and C-terminal
epitopes generated by proteolysis but do not recognize the peptide chain of the intact cleavage
site in the full-length substrate that possesses the same sequence. This discrimination is due to
the peptides used to generate these neo-epitope antibodies, which are based on the terminal
sequences of both sides of the cleavage site that have free amino (N)- or carboxy (C)-terminal
groups to replace the peptide bond present in the intact protein substrate (427, 428). This allows
unequivocal identification of processed cytokines. Affinity-purified and highly specific, these
antibodies have been used to identify truncated chemokines such as CCL7 (23) and CXCL12
(429) in diseased fluid and tissue samples. Previous reports of WRS and YRS in healthy and
diseased tissues have relied on antibodies unable to discriminate between the different
proteoforms of these tRNA synthetases, thus not providing information about the presence of
active from inactive proteoforms. To address this, neo-epitope antibodies might be useful in

evaluating the WRS and YRS proteoforms that are present in disease states.

Mass spectrometry represents a more useful direct approach of tRNA synthetase proteoform
detection. More sensitive than antibodies, mass spectrometry would be more useful as it can
quantify the levels of proteoforms in a sample. Within a determined mass to charge ratio window,
specific peptides can be analyzed and quantified using selected reaction monitoring (430—432)
or multiple reaction monitoring (433, 434) type assays in readily available biofluids like plasma,
urine, or saliva (176). These technologies can quantify the reduction in full-length protein and
generation of truncated protein all in the same biological sample when translated into targeted
methods for proteolytic signatures using proteolytic signature peptides (176, 435). Proteolytic
signature peptides use tryptic peptides spanning known cleavage sites in full-length proteins and
semi-tryptic peptides of proteolytically generated neo-N- and C-termini to quantify the reduction
in full-length proteins and the generation of truncated proteins (176, 435). Mass spectrometry-
based assays could be designed to quantify which WRS and YRS proteoforms are present in
biological samples. As an example, such an assay might be designed to detect full-length WRS

as a marker of sepsis in blood. While this technology has never been applied to moonlighting
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proteins, it has been used to detect a proteolytic signature of cell death in the plasma of cancer
patients undergoing chemotherapy (436), making it a candidate technology for detecting

biomarkers affected by proteolysis.

Clinical applications of using WRS and YRS and their proteolytic truncations as biomarkers
derives from proteoform moonlighting function. Hypothesized by Jin (365), low levels of
proinflammatory full-length WRS in early responses to systemic infections in sepsis patients might
indicate a poor prognosis, yet increased serum levels of WRS proteoforms might serve as an “all-
clear” signal later in sepsis. Although Ahn et al. did not find serum levels of WRS elevated in
sterile inflammatory disorders (215), its elevation in chronic kidney disease suggests WRS might
be a detectable marker of chronic inflammation (218). Interestingly, high WRS expression levels
are linked to favorable prognosis in gastric adenocarcinoma (437). Perhaps the angiostatic roles
of N-terminally truncated WRS prevent neovascularization of growing tumors and hinder
metastasis (438). This is reflected by low WRS expression levels being associated with increase
lymph node metastasis in colorectal cancer (439). Excitingly, WRS has been used as a predictive
biomarker for adjuvant chemotherapy following gastric cancer resection (440). However, this
clinical promise is marred by the paradoxical effect WRS has in promoting the invasiveness of
other cancers such as oral squamous cell carcinoma (441) where researchers proposed WRS
induces cancer cell migration. Thus WRS must be evaluated as a biomarker on a case by case

basis.

For clinical applications of YRS and its proteoforms, therapy innovations have already outpaced
its potential as a biomarker. The development of a YRS variant with a gain of function mutation
(Y341A) (220, 243, 442), that recapitulates the moonlighting activities of both YRS N- and C-
terminal domains, has been touted as a novel therapy for thrombocytopenia (220). This variant
may complement or replace second-line treatment standard thrombopoietin mimetics without
carrying the same risks that come with thrombopoietin mimetic use such as thrombosis and acute
myelogenous leukemia (443, 444). For vascular health, systemic treatment of recombinant N-
terminal YRS fragments (mini-YRS) increases cardiac function post myocardial infarction in mice
(445) and decreases infarction size in rats (372). Adenoviral vector administration containing mini-
YRS into rhesus monkey myocardium following acute myocardial infarction increases cardiac
function while decreasing infarction size (446), suggesting N-terminal YRS truncations are

candidates for angiogenic and myocardial infarction therapy.
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Adapting WRS and its proteoforms into therapeutic strategies remains in its infancy. Proposals
for applications in sepsis have been made for patients in acute phase sepsis with high WRS
serum levels, who might benefit from WRS antagonist strategies, and for immunocompromised
patients who might benefit from WRS systemic administration to prime a weakened immune
response (215, 365). In contrast to N-terminal fragments of YRS, C-terminal fragments of WRS
inhibit recovery from myocardial infarctions in animal models (237, 372, 446), suggesting WRS
truncations could serve as a counter strategy for angiogenesis. As exogenous single agent
therapy, WRS truncations have proven stable to produce effects far distal to the site of entry (206)
and have been proposed, based on murine models of macular degeneration (233, 447) and
cancer (447), as therapy for pathological angiogenesis in diabetes, age related macular
degeneration, and cancer (212, 233). Additionally, as WRS truncations have been found to
stabilize endothelial cells to shear stress seen in high blood pressure, inflammation, and
atherosclerosis (232), WRS truncation administration may be beneficial in maintaining of vascular

homeostasis during vascular events like sepsis, restenosis, and stent replacement.

The moonlighting tryptophan import activity of WRS may also be an area for clinical application.
As an adjuvant therapy, administration of WRS proteoforms such as A1-47 WRS, that would
theoretically not induce a proinflammatory response like full-length WRS, might increase
kynurenine production in transplanted tissue. This would lead to regulatory T cell upregulation
leading to immunotolerance. Evaluating WRS proteoforms as biomarkers in transplant patients
might also indicate probability of transplant rejection. Unfortunately, much of this novel tryptophan
importing activity remains unclear and more research is needed to determine the what

proteoforms can carry it out.

Genetically, mutations in 31 tRNA synthetase genes of the 37 member gene family (reviewed in
(448, 449)) have been linked to a broad variety of human inherited disorders. The inheritance
patterns of these disorders are both recessive and dominant. With both late and early onset
phenotypes ranging from tissue specific diseases or multi-system developmental syndromes, the
heterogeneity of these disorders makes teasing apart the mechanisms responsible that much
more important. The only known WRS variant, H257R WRS, found in three separate families all
with autosomal dominant neuropathy (450), negatively affected aminoacylation in vitro but
potentiated angiostatic function when tested in a truncated WRS proteoform. Autosomal dominant
variants G41R, V153_V156del, E196K, E196Q (451), and D811 YRS (452) are all located in the
catalytic domain of YRS and are associated to dominant intermediate Charcot-Marie-Tooth
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neuropathy. Autosomal recessive variants P213L, G525R (453), P167T (454), and P213L (455)
YRS can be found inside and outside the catalytic domain of YRS and have been linked to failure
to thrive and multiple organ abnormalities. Although none of these mutations affect the identified
P1’ position of MMP cleavage sites in WRS (Chapter 2) or YRS (Chapter 3), there is little evidence
into what extent the canonical and non-canonical functions of these proteins contribute to these

diseases and future work may reveal a role for proteolysis in these phenotypes.

Annotating extracellular activities for WRS and YRS helps fill the signaling network these proteins
are responsible for. Given multiple members of the tRNA synthetase family have been found as
MMP substrates (Table 1.1) and knowing glycyl- (216, 221), lysyl- (213, 456—458), histidyl- (223),
and threonyl- (214, 459) tRNA synthetases are also secreted in response to stimuli with distinct
extracellular activities, it is exciting to think what other cellular processes might be regulated by
MMP processing of these enzymes. Although not the focus of this thesis, it is interesting to
consider if intracellular MMP moonlighting proteolysis (Chapter 1) might target and regulate non-
canonical functions of tRNA synthetases within the cell. The N-terminus of WRS is required for
WRS to activate p53 in the nucleus in response to IFNy stimulation (460), while only full-length
YRS can interact with poly-(ADP-ribose) polymerase-1 (poly-(ADP-ribose) polymerase-1 is also
processed by MMPs in the nucleus) in the nucleus to induce stress signaling during serum-

starvation (240). MMPs process these proteins and thus might affect these processes.

Future studies aiming at determining the physiological significance of MMP processing of these
moonlighting proteins will require clever use of animal models. While murine models are useful
for determining functional effects of MMPs (22, 140), multiple MMPs cleaved tRNA synthetases,
and in WRS and YRS several MMP cleavage sites were shared by other MMPs. Thus studying
tRNA synthetase cleavage in a single or even double Mmp™ null mouse might prove difficult
considering proteolytic redundancy. However, developing non-cleavable mutant variants of tRNA
synthetases might generate phenotypes that inform us of the role proteolysis plays in processing

these moonlighting enzymes.

In conclusion, my thesis presents evidence to advance our knowledge of the functions and
mechanisms MMPs use to contribute to inflammation by processing moonlighting tRNA
synthetases. | have expanded information from previous degradomic studies to generate
evidence that MMPs can activate or inactivate extracellular activities of tRNA synthetases. Using

WRS and YRS, | have not only confirmed findings of novel moonlighting activities for these
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proteins in parallel with other research groups but also found WRS and YRS to be direct
substrates of MMPs. MMP processing regulated WRS and YRS moonlighting functions by
generating new proteoforms of each, suggesting MMPs regulate WRS and YRS activity.
Furthermore, | have expanded understanding that these proteins are secreted by multiple different
cell-types, identified extracellular receptors for these proteins, and explored the mechanisms how
MMPs might influence inflammation by targeting them. This research is only a first step towards
understanding tRNA synthetases as MMP substrates, exposing a previously unknown regulatory

network of diverse cellular processes that may be useful to applications for therapeutic research.
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