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Overall, my thesis work serves to:
1 Identify plasminogen as a keratinocgelective extracellular stimulus for

matriptase activatim The discovery of plasminogen as an initiating signal of
the matriptas@riven protease cascade affirms the theory that the
matriptaseuPA-plasmin cascade is not unidirectional in the activation of its
components, but it is reciprocal.

Reveal that keratocytes employ antithrombin as a significant endogenous
protease inhibitor. The enhanced role of antithrombin in matriptase inhibition in
keratinocytes reveals the regulatory adaptation in stratified epithelial cells due to
the changes in tissue struaucompared to the polarized epithelial cells.

Reveal that matriptase acts on its molecular targets in two different ways: 1) a
rapid activation of prostasin by celssociated active matriptase under extremely
tight control of HAFL, and 2) the actionrmoseveral other substrates, including
uPA, HGF, and syndecdl by secreted active matriptase that is controlled by
antithrombin.

Build up the functional linkage between matriptase and its downstream substrate,
prostasin.

Demonstrate that the physiologiaole of matriptase in human skin likely lies in

the basal and spinous keratinocytes that are involved in proliferation and early
differentiation. The role of matriptase in the early stages of keratinocyte life
history was further supported by the ircsed matriptase zymogen activation in
the keratinocytes of the bulge area, likely the stem cells.
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Abstract

Title of Dissertation:  Matriptase in Skin: Function and Regulation
Name: Ya-Wen Chen, Doctor of Philosophy, 2012
Dissertation Directed byChen-Yong Lin, Associate Professor,

Department of Biochemistry and Molecular Biology

Epidermal differentiation is a carefully orchestrated process that leads to the
formation of the critical protective barrier provided by the skin. The process of
generating a functional epidermal layer requires progressive remodeling of cell
morpholagy and tissue structure, and involves significant pericellular proteolysis that
must be regulated in a precisely controlled manner. In particular, the matdptsse
protease network plays a critical role in epidermal barrier construction as welthes in
regenerative processes required for wound healing. In this dissertation, | have identified
and characterized novel molecular mechanisms governing the regulation of matriptase,
and cellular mechanisms by which matriptase activates its molecular staaigdt
contributes to keratinocyte differentiation and formation of epidermal barrier. First, |
identified plasminogen as a keratinocgtdective extracellular stimulus for matriptase
activation. The discovery of plasminogen as an initiating signaleoptbtease cascade
reaffirms the theory that the matriptag@A-plasmin cascade is not unidirectional in the
activation of its components, but it is reciprocal. In addition to-HAl also revealed
keratinocytes employ antithrombin as a significant eerdogs protease inhibitor. The

enhanced role of antithrombin in matriptase inhibition in keratinocytes reveals the



regulatory adaptation in stratified epithelial cells due to the changes in tissue structure,
compared to the polarized epithelial cells. Wihe dual inhibitory mechanisms, |
further revealed that matriptase acts on its molecular targets in two different ways: a rapid
activation of prostasin by cefissociated active matriptase under extremely tight control
of HAI-1, and the action on severalther substrates, including uPA, HGF, and
syndecarl, by secreted active matriptase that is controlled by antithrombin. Last but
not least, | also demonstrated that the physiological role of matriptase in human skin
likely lies in the basal and spinousrktinocytes that are involved in proliferation and
early differentiation. The role of matriptase in the early stages of keratinocyte life history
was further supported by the increased matriptase zymogen activation in the
keratinocytes of the bulge areaBy charactering the prominent regulators, downstream
effectors, and the expression and activation states of matriptase in human skin, a clearer

picture is emerging regarding the role of matriptase in skin biology.
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Chapter 1 1 Introduction



1.1 Human skin

1.1.1Functions

In humans, the largest organ of the integumentary systehe skin, with a total
surfaceof approximately20 square feet. The skin represents about 16% of body mass
and the composition and thickness of it varies depending on anatomical régiofihe
skin not only gives us appearance and shape, it also serves other important functions,
such as protectionsensation, heat regulation, control of evaporation, storage and
synthesis, absorption, and water resistafite Among these functions, the most
important is to form a protective barrier that interfaces witlsometimeshostile
environmenf.  Skin protects everything that lies beneath it and acts as a cushion against
insult to the body. Its continuous, tightconnected surface, lightly coated with oily
sebum allows and limits the inward and outward passage of watectrelytes and
various other substances. For the body to function well, skin is also involved in
maintaining the propebody temperatureby regulatingblood vessel diameter in the
cutaneous vascular system and evaporation of sweat from the Surfakiee three types
of nerve endingef the skih Mei ssner s corpuscl es, Paci ni
endings, enable it to gather sensory information from the environment so we can sense
touch, pressure, heat and cold, pain, and tissjuey 2. In addition toacting as a
protective barrier, skin also plays an active role in the immune sygtetaecting us from
diseases. It normally contains all the elementthefimmune system except B cells.
Understanding the stcture of the three layers of skin, the epidermis, dermis, and
subcutaneous tissues, is the key to understgtbw the skin caperformthese amazing

functions.



1.1.2Skin layers
Human skin is composed of three layerke first isthe epidermiswhich povides
waterproofing and serves as the physical and chemical barrier between the interior body
and exterior environmeniThe second ighe dermis which serves as the structural

support The third isthe subcutaneous tissw®ntaininglarger vessels andenves’.

1.1.2.1The epidermis

The epidermis is the outaost layer of skin and is made up of stratified squamous
epithelium with an underlying basal lamina. The average thickness of epidermis varies
from 0.04 mm on the eyelids to 1.5 mm on the palms of the hand and soles of th@ feet
Keratinocytes are the key cells of the epidermis, whiahth®size the 30 different
keratins and comprise approximately 80% of the epidermis. The epidermis can be
further subdivided into five sublayers based on the differing stages of keratin mattiration
From bottom to topthe sublayers of epidermis are named: stratasale, stratum
spinosum, stratum granulosum, stratluoidum and stratum corneurt (Figure 11).
The progressive differentiation of tebf the stratum basale toward the stratum corneum

is accompanied by a multitude of changés® *2

Keratinocytes divide through mitosis
at the stratum basale and push already formed cells into highess.layAs the cells
move up the sublayers, they change shape and compaaitbeventuallydie due to
isolation from the blood supply. The changes of the cell are very diversgenerally
the cell reorganizes arldsesits organelles, increases itzesiand flattens itself, and the

cytoplasm of the cell is released andéplacedby the keratin®. Cells become more

specialized and limited itheir structures and functions through this differentiation. The



= Stratum Corneum (SC)

j—Stratum Granulosum (SG)

= Stratum Spinosum (SS)

= Stratum Basale (SB)

= Dermis

Figure 1.1 Schematic illustration of the human skin structure.

Human skinis composed of the epidermis and the dermis. The epidermis can be
subdivided into five sublayers based on the differing stages of keratin maturation,
including stratum basale (SB), stratum spinosum (SS), stratum granulosum (SG), stratum

lucidum (not showrin this illustration), and stratum corneum (SC).



cells eventually reach the stratum corneum and slough off. This process is called
keratinization, which takes place within weéks> The keratinized layer of skin keeps
water in the body and provides a high resistance to environmesti#tls, making skin a
natural barrier to infection. This feature is associated with the numerous cell junctions
of keratinocytsin the epidermis®.
1.1.2.1.1Stratum basale

The stratum basale (or basal layer) lies adjacent to the damdiss composed
mainly of keratinocytegFigure 11), 10% d which are poorly differentiated % ** */
The stratum basale also contains other types of cells, such as the melanocytes, pigment
(melanin) producing cells, and Merkel célls Merkel cells are closely associatedhwi
cutaneous nerves amdeinvolved in light touch sensatioh The basal cells are ceib
shapd, with a large basophilic nucleu8. Three subpopulations of keratinocytestia
basal layer have been defined by cell kinetic analysis; they are 1) stem cells, 2) transit
amplifying cells, and 3) positotic differentiating cells™*”.  The stem cells contain
large amourd of melanosomes, which are transferred from the adjacent melanocytes, in
order to protect their sefenewal ability from ultraviolet (UV) radiatioft *> % The
stem cells express keratin (K) intermediate filaments, mainly K15 angwiiéh can be
used as markers for this subpopulatférf2  The mitosis of stem cells can regenerate
otherstem cells tamaintainthe stem cell compartment to produce daughter cells to
replenish the epidermis through differentiation. The transit amplifying cells are the
more differentiated daughter celisompared to their parental cellshich possess the
ability to undergo several cycles of proliferation to generate a population of cells that will

irreversibly lo® their proliferating ability and differentiate.



Once differentiated, the keratinocytes move toward the upper layer, stratum
spinosum, and keeglifferentiating from one layer to the other to the final layer, stratum
corneum” . The keratinocytes in the basal layer mainly express K5 and K14, which
organize tonofilaments around the nuclélf. The keratinocytei the basal layer use
the keratin filaments connecting to hemidesmosomes to attach to the basement membrane
and desmosomes to join the cells togethéf. Other important molecules thare
involved in the dermatepidermal junction are@2bl anda3bl integrins®***. The
integrin a2b1 binds laminin (1) and collagen (type | and IV) and the integ8bl
focuses on laminin (15% ***%.  The localiation of both integrins would explain their
rolesin association with the dermapidermal junction. Besides adhesion, the integrins
also regulate the initiation of differentiation. When keratinocytes are maintained in
suspension culturehey areforced to lose contact with the extracellular matrix (ECM)
and onsequentlythey differentiate® *°  However, loss of contact with the ECM is not
the initial signal that triggers cell differentiation since différated keratinocytes were
observed under regulaulture conditiors, which doesallow ECM-keratinocyte contact

41-43

Sinceintegrins are involved in seversignaling pathways, such as FAK, Ras, ERK,

and JNKpathways***

, a hypothesis was raised that the proportion occupied by integrin
ligands can intervene early in the control of differentiafii!. In addition tokeratin
filaments and integrins, microfilaments, such as aotiygsin, and alphactinin, assist in
upward migration of cells as they differentidte Stratification is the consequence of
keratinocyte differentiatian increased calcium concentration is required for the

stratification and formation of desmsomes in cultured keratinocytds **43 >t 32



Normal transit time for keratinocytes from the stratum basale to the stratum granulosum
is approximatelyl4 days, and the cellsurvive an additional 14 days the stratum
corneumbeforedesquamation.
1.1.2.1.2Stratum spinosum

As we moveup into the stratum spinosum (or spinous layer), which is hamed after
the numerous desmosomal connections of adjacent keratindcytesnorphology of the
keratinocytes observed in this layer located closer to the stratum basale are polyhedral
with rounder nuclei. The cells located more superficially are more diffatedtith a
more flattened appearanceé *®.  Functional organelles are still present in the
keratinocytes of the stratum spinosuatthough the cells are more differentiated than
those in the basal layér There is a remarkable activity of phagocytosis in ldyer,
which degrades foreign molecules in lysosomes or retains foreign molecules in
phagosomes. The cells in the spinous layer are active in protein symhedis
especially K1 and K1Qyhich aremarkers 6terminal differentiatiorf>?* K5 and K14
are still present, but not made novoin this layer. These intermediate filaments are
more abundantyetter organized, and bind to desmosomes to provide meahaimgngth
2730.55  although the spinous layer contains large amounts of adhesion proteires,
are numerous gap junctions which mediate intercellular communicafion In the
spinous layer, the keratinocytes begin to generate lamellar granules, whose primary
activity is in the stratum corneunf. The lamellar granules are membrdooeind
intracellular structures, whictare eventually shed intahe extracellular milieu to
discharge lipid precurssat the junction of the stratum granulosum and stratum corneum.

By doingso, the epidermis establishes a bamdeprevent water los¥. The contents of



lamellar granules include: 1) neutral sugars combined faith or proteins, Rvarious
lipids, and 3) acid hydrolases (lysosomal acid lipase€f 2 Keratinocytes in the
spinous layer then progress to the third layer, stratum granulosum, with the pressure of
the underlying cells. tlis also worth mentioning that the Langerhans cells, which play
an important role in immune reactions as antigesenting cells, are mainly located in
the middle of the stratum spinosdm
1.1.2.1.3Stratum granulosum

Keratinocytes continue their transition as they travedesiicially and form the
stratum granulosum (or granular layer). The cells continue to flatten, lose their nuclei
and organelles, and their cytoplasm contains large amounts of lamellar bodies and
keratohyalin granulesshich make the cells appear granulgiking rise to the name of
this layer’. The components of lamellar granules and keratohyalin granules are of great
importance and are uttately responsible for the formation of the cornified envelope.
The function of the lamellar granulegas described. The keratohyalin granules are
aggregates of insoluble proteins including loricrin and profilaggtiff. Loricrin is a
precursor of the cornified envelope and profilaggrin is the precursor of filaggrin, which
closely associates with the keratinization of the stratum corneum by promoting hydration

and crosslinking of keratin filaments % 27 39 6% €2

The keratohyalin granules
disappear in the cytoplasm during the transition of the stratum granulosum to the stratum
corneum. Another important molecule responsible for the formation of thefiedrni

envelope is involucrin, which begins to appear in the spinous layer and crosslinks in the

granular layer by the transglutaminases



1.1.2.1.4Stratum lucidum

The stratum lagidum, also called the clear layer due to the translucent appearance
under a microscope, is found in areas of thick skin such as palms antfsol€ke clear
layer is composed of three to five layers of deaatidhed keratinocytes, which do not
have distinct boundarie¥' ®  The keratinocytes in this layer are filled with eleidin, a
transparent substance formed frtra keratohyalin and eventuatignsformedo keratin
in the stratum corneum.
1.1.2.1.5Stratum corneum

The loss of nuclei and organelles causes the keratinocytes in the granular layer to
become notviable corneocytes and form the stratum corneum. A bricks and mortar
model has been used to describe the structure of the stratum coimemnich the
corneogtes represent the bricks and the intercellular lipids embody the mtrtaA
corneocyte is a dead cell derived from a keratinocyte in the granular layer, which
gradually loses its nucleus and organellesehgymaticdegradation” ® ®© The plasma
membrane of corneocytes becomes permeable and the nucleus is déyf&dedhe
corneocytes then become dehydrated and lose approximatekg@%of their weight
and the cytoplas is filled with tiny threads of keratin in an organized matrix®® The
rearrangement of keratin cytoskeleton during keratinocyte maturation is done with the
help of the filaggrin. At the transition beten the stratum granulosum and stratum
corneum, the filaggrin is activated by dephosphorylation and enzymatic cleavage from its
precursor, profilaggrin®’. The processing of profilaggrin may be facilitated by
calciumdependent enzymes. At the beginning of the stratum corneum, the filaggrin

serves as a guide and interacts with keratin filaments causing tgrggation into



macrofibrils % 68

The tightly packed keratin filaments allow extensive crosslinking of
themselves by transglutaminases to form a highly insoluble keratin matrix. Along the
journey to the upgr stratum corneum, the filaggrin acidifies, loses its affinity to keratin
filaments, and undergoes further processing to release free amino acids that bind to water
molecules and thus allow the stratum corneum to retain some of its morstiire.

Though the corneocytes are consider as dead cells, they still have some active enzymes,
such as acid hydrolases, which are involved in the remodeling of intercellular’lifjids

172 The intercellular lipids, which fill the intercellular space, are mainly from the
lamellar granule$®. When the keratinocytes move into the stratum corneum, the outer
envelope of the lamellar granulese degraded by enzymes and relelgels including
ceramides and free fatty acids °® *® " The final intercellular lipids in the stratum
corneum are cholesterol, cholesterol esters,-tvajn fatty acids, and ceramid&s’

Each corneocyte has a protective protein shell callecconeified envelopewhich is

n® %2 The extensive

composed primarily of two proteins, involucrin and loricfi
covalent linkagéetween these proteins areediatedby transglutaminases, activated by
increased intracellular calcium concentratiof?®®, which could come from the loss of
membrane integrity during the transition from the stratum granulosum to the stratum

corneum’® 6691

or from the release of calcium while the profilaggrin is dephosphorylated
and converted to filaggrif’. The highly crosslinked proteins make the corneocyte
impermeable and resistaio denaturing agents and make the cornified envelope the most

insoluble structure of the corneocyfe® % 9

The specialized desmosomes that
mediate corneocyte cohesion in the stratum corneum are cal®@odesmosomes.

Before desquamation, detachment of cells from the surface of an epithelium, such as skin,

10



the corneocytes and the intercellular lipids work in concert to fulfill the barrier function
of skin. The corneocytes are inert with strong cmresprovided by the
corneodesmosomes, filled with watetaining keratin filaments, and surrounded by a
lipid matrix. The intercellular lipids and the amino acids from filaggrin allow the
stratum corneum to retain its moisture and help to maintain $efeatares, such as
elasticity and consequentlyhe stratum corneunserves as an effective barrief’.
Degradatiorof corneodesmosomes is an important step for the desquamation since they
are the major structures that hold corneocytes togétheiThe closer the corneocytes
are to the surface, the more disruption of the keratin filaments, corneodesmosomes, and
lipid matrix can be found® X  Disorganization and disappearance of these complexes
or stiuctures eventually permit corneocytes to be shed at the séitface
1.1.2.2The derms

The dermis is the middle layer of skin that connects to epidermis by a basement
membrane. It consists of connective tissue and can be divided into two histological
regions: the papillary region and the reticular rediér™®  The dermis is composed of a
tough, supportiveell matrix, mainly elastin and collagérf' *> and three major types of

2, 64, 65

cells, fibroblasts, macrophages, and adjpes The mapr functions of the

dermis povidethe skin with strengthgeneratedy collagen) and elasticitgéneratedy

elastin)®*

It functions as a cushido protect organismisom stress and strain. The
dermis also contains nerves, such asntieehanoreceptors, which provide the sep$
touch and heat, hair follicles, sweat glands, apocrine glands, sebaceous glands, lymphatic

vessels and blood vess&ls Two other important functions of dermis are ensured by the

dermal blood vessels. Epidermis is supported by the dermal blood vessels, which

11



provide nutrients to and remove waste from the epidermis. The dermal blood vessels
also contribute to regulation of body temperature by control of blood flow in the dermal
blood vessels.
1.1.2.2.1Papillary region

The papillary region is a superficial area adjacerthe epidermis and is composed
of thin loosely arranged collagen fibefs This region contains numerous dermal
papillae that extend toward the epidermis. The dermal papillae are smalllikenger
extensions thahcrease the surface area between the epidermideands, which further
increases the adhesion and interaction between these two %&fersThe large surface
area also helps the dermis to support the epidermis by increasing the exaffiaimncy
of nutrients, oxygen, and wastea
1.1.2.2.2Reticular region

The reticular region is the deep, thicker area of the dermis. It is mainly composed
of collagen and elastifi®® Collagen makes up 70% of the dermis and rungsarallel
strandgto increase mechanicsirengt” ®®%  The elasticity and flexibilitpf the dermis

comes from the elastin fibefs®%4,

Also located within the reticular region are the hair
follicles, sweat glands, sebaceous glands, and blood vé<$s&is®
1.1.2.2.3Dermal cell population

The major cells in the dermis are fibroblasts, Wwhizoduce elastin, collagen, and
structural proteoglycan& In addition to fibroblasts, @mal cell populatios can be
divided into two types. The first are the cells that are associated with structures, such as

cells in the hair follicles, blood vessels, glandsrves, and adipose tissue. e$htype

of cells generally do not move around the dermisThe second type are the cells that

12



move freely around the dermis like fibroblasts, lymphocytes, macrophages, mast cells,
Langerhas cells, and others'*
1.1.2.3The subcutaneous tissue

The subcutaneous tissue is made of loose emiive tissue, elastin and fat.
Fibroblasts, macrophages, and adipocytes are the main cell types found in the
subcutaneous tissue. The function of the subcutaneous tissue is to attach the skin to

underlying bone and muscle, but it is not part of the SKift*

1.1.3Difference between human and mea skin

The most commonly used animal model &udying skin diseases by far is the
mouse model. Mice ra economical, easy to houseaintain and genetically
manipulate The hundreds of mouse models of human diseasepowerful tools to

understand sk biology °"%°.

Although mouse models are widely usedkin studies,

there are differences between mouse and human skin. Mouse skin is composed of three
layers, which are epidermis, dermis, and hypoderijost, like human skin, but the
anatomy and physiology of each laygithin each organisnare very different. The
epidermis in mice is very thin, havirgpproximately 23 layers of living cells (compared

to 1015 layers in human) and there is no stratumngtosum layef°®*®2  The hair

cycle of mice is approximately 3 weeks, but the hair cycles of humans are highly variable
andanatomicallydependent; for example, the human scalpstanive forseveral years

193 Apocrine sweat glands that are present in the axilla, perianal, gaihah skin

regions of humans are only found in mammary glands in rite Rete ridges,

epidermal fingerlike projections that extend downward and interlock with dermal papillae,

13



arenot obvious in healthynouseskin, but can become apparent dgrivound healing in

mice % Another difference is the panniculus carnosus, a subcutaneous thin muscle
layer, which is only found in the platysma muscle of the neck, palmaris brevis in the hand,
and the dartos muscle in the scrotum in humansjs widely presentin mice "> 1%

The panniculus carnosualso mediateswound healing in mice via rapid wound
contraction. On the other hand, angiogenesiiagen deposition, granulation tissue
formation, and reepithelialization are the characteristics of human wound heéifng
Thesubstantiatlifferences in wound la¢ing between mice and human should cause us to

rethink the use of mouse models in skin studies, when asgeds® translational

relevance to some physiologic and pathologic processes

1.1.4Importance of proteases, protease inhibitors, and proteolytic balamce
skin

Epidermal barrier formation requires that keratinocyte differentiation occur in a
precisely controlled manner. The processes of keratinocyte proliferation, differentiation
and apoptosis must be balanced to lead to the formation of a structdrexiganized
epithelium that provides efficient barrier functibri®. Many cellular and biochemical
events are initiated at specific times and locations during epidermal differentiation, and
the signaling proesses involved in the initiation of these events have been extensively
studied'®.  Controlled proteolysis, which is also required for appropriate differentiation
109.119 has, however, been understudied. Proteases are key regulatory molecules which
activate growth factors, enzymes, membrane receptors, and ion channels, and also

process enzyme dactors, ECM components, structurgroteins, and @hesion

14



molecules 0% 110

The importance of proteolysis in epidermal differentiation is
emphasized by the many skin disorders that are caused by defects in proteolysis. The
proteases implicated in these diders include lysosomal proteases, cathepsins C, D and

L 4 two membranassociated serine proteases, matriptase and proStasin and
caspasd4 % 19 Mutations of the cathepsin C gene lead to Paplleievre
syndrome, an autosomal recessive genetic disorder characterized by palmoplantar
keratoderma and periodontitis" ¥ The stratum corneum morphologgyimpaired in
cathepsin Edeficient mice, whicliesembleshe human skin disorder lamellar ichthyosis,
and cathepsin D is involved in the regulation of transglutamina$¥s 1The cathepsin
L-deficient mice develop several skin disorders, including periodic hair loss and
epidermal hyperplasia, acanthosis, and hyperkerattsis Dysregulation of matriptase
results in pidermal barrier loss leading to severe dehydration and neonatal death in
matriptasedeficient mice >, Matriptase is also required for the maintenance of
epidermal homeostasis, since postnatal ablation conipes tight junction formation

and barrier stability™®>.  Furthermore, matriptase mutation in humans is manifested by
autosomal recessive ichthyosis and hypotrichosis (ARIH), where it is associated with
compronmised desquamation and abnormal filaggrin proces&ifitf>. Deficiency of
prostasin, the downstream substrate of matriptase, also presents videatlgal skin
disordersin mice and man Mice present withsevere malformation of the stratum
corneum due to the disturbance of profilaggrin processing and an impaired skin barrier
function, lexding to a rapid and fatal dehydratidff.

In addition to proteases, protease inhibitors clearly also funatickin disorders.

These proteins are essential controllers that limit protease activity in both space and time.

15



These include the serine protease inhibitors, lymphoepithelial #gratelated
inhibitors (LEKTI) **3, hepatocyte growth factor activator inhibitb(HAI-1) ***, andthe
lysosomal cysteine protease inhibitor, cystain MA %  Prematurgermination
mutations in theSPINKS encodingLEKT]I, are associated with Netherton syndrome, a
severe, autosomal recessive form of ichthyosis, indicating a critical r@&®IdfK5in
epidermal barrier functioff®>.  Mice lackng the HAF1/SPINT1are embryonically lethal
due to the impaired placental developm&fit Hence, the role of HAL/SPINT1in
mice was tested by rescuing the placental function by microinjecting1-tificient
murine embryonic stem cells into witgpe blastocysts to obtain higihimerism
embryos. The HAIL/SPINT1 deficient mice developed scaly skin reminiscent of
ichthyosis, hyperkeratinization, and abnormal hair shafts. The skin of these mice also
showedaltered proteolytic processing of profilaggriff. Deficiency of cystatin M/E
leads to juvenile lethality and defects inidggmal cornification due tanrestricted
legumain activity"?> 1%

The equally critical roles played by proteases and thaibitors in skin underscore
the importance of regulated proteolysis in epidermal development, differentiation, and

homeostasis.

1.2 Proteases and protease inhibitors

1.2.1Introduction
Proteases are enzymes that hydrolytically cleave peptide bonds and belong to the
class of enzymes known as hydrolases. Based on their mechanistic type, proteases are

generally grouped into six classes: serine, threonine, cysteine, aspadtio- mand
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glutamic acid proteases. They, alternatively, may be grouped by their optimal pH in
which they are active: acid, neutral, and basic proteases. Most proteases are synthesized
as inactive forms called zymogens, which exhibit much weaker pybteactivity than
their active counterparts, and are subsequently activated by proteolysis. The way they
act on their substrates can be divided into two different categories: limited proteolysis,
which breaks specific peptide bonds of a target protemging to the maturation or
activation of the target protein, and unlimited proteolysis, which Bréakn a complete
peptide to individual amino as. Proteases are involvedargreat variety of metabolic
processes and regultathe ngne naf atnhlde fifsavsg tt & hti n
of an organism. Proteases determine the longevity of other proteins involving various
vital function of an organism. When the controls of proteolytitvilg go wrong,
enzymatically active proteases can causergeharm to cells by activating or destroying
proteins in undesirable ways. Proteases, being themselves proteins, are known to be
activated by other proteases and inhibited by protease inhibitors, which are also proteins.
Protease inhibitors are moldes that are capable of inhibiting enzymatically active
protease, and subsequently, the function of proteases. Most naturally occurring protease
inhibitors are proteins and may be classified either by their mechanism of action, or by

127

the type of proteasthey inhibit The inhibitory mechanisms of protease inhibitors
can be divided into two categories: irreversible trapping reaction or reversible tight
binding interaction, which is also known as tkey and lock mechanisr?® %
Protease inhibitors, like the rpen family and the alpha-&hacioglobulin family, usean

irreversible trapping reaction to form covalent complexes between protease inhibitors and

their target proteases to ihiti the activities of protease$°. On the other hand,
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protease inhibitors like Kunitgype inhibitors and Kazalype inhibitors utilize
high-affinity, but reversible, interactions between protease inhibéodsthe active site of
their cognate proteases. The actmatiof proteases zymogens amwhctivation by
protease inhibitors are generally the two major mechanisms that govern proteolysis.
1.2.2Serine proteases

Serine proteases perform a large number ofolgiohl functions. In mammals,
these enzymes are involved in digesting food, fighting infections, helping taddt,
andassistingsperm entrance into oocytesThe activity of serine proteases depends on
nucleophilic attack of the targeted peptidimtddoy a serine residue the active site of
the protease While acting on a substrate, serine protease first utilizethe serine
residue of theserine protease domain &ttack the peptide bond of tharget substrate,
releasing the new amirterminusand forming an ester bond between the enzyme and the
substrate called acyl enzyme intermediate. The ester bond is subsequently hydrolyzed
and the new carboxyerminus is released.

Substantial progress has recently been made in characterizing membars of
subgroup of serine proteases: the type Il transmembrane serine proteases tF£T€Ps)
These trypsifike (family S1) proteases are linked to cellular membranes ai
hydrophobic stretch at theamino teminus; therefore, they represent enzymes whose
peptidebond cleaving activities may be specifically targeted to cellular membranes, in
addition to the possibility obeing shed into the extaellular milieu by the action of
other proteases. Currently th@SPs number 17 members and matriptase is part of this
family.

1.2.3Kunitz-type protease inhibitors
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Kunitz-type inhibitors are protease inhibitonghich utilize the Kunitz domain to
inhibit the activity of their target proteases. They are characterized lryi$@slectric
points, low molecular weights, and a broad spectrum of activity toward serine proteases
133,134 Kunitz domains are relatively small, with a peptide chain of around 50 to 60
amino acid residueand have three disulfide bonds to stabilize their strest The
domain was first described the bovine pancreatic trypsin inhibitor (BFp-like protease
inhibitors; numerous other membédnave been describedicluding the two inhibitors for
matriptag, HAI-1 and HAI2. These inhibitors use higiffinity interactions to form
complexes with theirarget proteasegkey and lock mechanismand thus can be
dissociated by low pH or heat.
1.2.4Serine protease inhibitors (Serpins)

Serpins werdirst identified asa set of proteins that are able to inhibit proteases. By
far, serpins are the largest and most diveasrilf/ of protease inhibitoranore than a
thousand serpins have been identified, including 36 human séfinsSerpins are
structurally related, but functionally diverse, and they control essential proteolytic
pathways in many branches of life. Unlike most classical protease inhibitors thaat use
simple key and lock mechanism to block access é¢gptiotease active site, serpins form
covalent complexes with their target proteases and are therefore irreversible enzyme
inhibitors'*°.  The specificity of a serpin is determined by an exposed region termed th
reactive center loop (RCL) and it is this region that forms the initial interaction with the
target protease; thus, the RCL of a serpin mimics a substrate for its target protease. The
difference between a substrate and a serpin when they meet theitecpgrtease is that

the serpin rapidly undergoes an unusual conformation change, termed the Stressed to

19



Relaxed (S to R) transitioh®>**® which causes the hydrolysis of the aepzyme
intermediateo beextremely slow'®. The protease hence stays covalently linked to the
serpin and is thereby inhibited. Furthermore, since the serpmaims covalently
attached to the target protease, inhibition consumes the serpin as well. Since serpins use
the RCL to determine the specificity toward their target proteases, serpins are \elnerab

to mutations, especiallynutations that result in proteimisfolding and formation of

inactive longchain polymers called serpinopathi&§',

Polymerization of serpins
reduces the amount of active inhibitors and the accumulation of serpin polymers results
in cel death and organ failuré*’>. The importance of serpins in humans can be
demonstrated in approximately 100 human diseases, such as liver cirrhosis caused by

polymerization of antitrypsin®, thrombotic disease caus®y antithrombin deficiency,

and emphysema caused by antitrypsin deficiéficy*®

1.3 Matriptase-mediated cell surface proteolysis cascade

1.3.1Matriptase cascade in skin

Among these proteases and @teases wolved in skin functions, we are
particularly interested in a pericellular proteolytic cascade, initiated by matriptase and
including other serine proteases such as urokitygeeplasminogen activator (uPA) and
prostasin.  The matriptase proteolytic @k plays a critical role in epidermal barrier
construction, as well as in the regenerative processes required for wound healing.
Regulation of this protease cascadevil studiedin other simple epitheliainvolving
extracellular stimuli to induce mattase zymogen activation and four endogenous

protease inhibitors, HAL, antithrombin, alphd antitrypsin &1AT), and
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alpha2-antiplasmin 42AP). However, matriptaseegulatory mechanissnin skin
remains poorly understood To date, very little is known about the reciprocal
regulations between epidermal differentiation and the control of the protease network
activity; however, several lines of evidence indicateimportant role for the protease
network in normal differentiation and disease processes. First, deletion of key players in
this network (matriptase, HAL, or prostasin) in mice causes severe badefects
leading to postnatal deatfr 1**?* Second, autosomal recessive matriptase mutations
are associated with skin permeability barrier defects in hui@Hs. Third, impaired
profilaggrin processing, reduced desquamation, and compromised lipid matrix assembly
are evident both in the aboweentioned mouse knockouts, as well as in human

matriptasedeficiency diseasé'® 17 120

Fourth, imbalanced proteolysis within this
protease network results in the development of epidermal di¥é4% Given the clear
role of the protease network in mediating and/or pgapag epidermal disease, the fact
that so little is known about proteolysis regulation in skin differentiation and repair is
puzzling.
1.3.2Matriptase

Matriptase is also known as membrdype serine protease (MT-SP1),
tumorassociated differentially exprest genel5 (TADG-15), and suppressor of
tumorigenicityl4 (ST14)**™4°  |n 1993, matriptase was first identified as a secreted
gelatinase in conditioned medium from human breast cancer'clland later as a
transcript found in normal and cancerous colon tissue encoded by a gene located on
chromosome 11qg235 *** **!  Ppublication of the cDNA sequence of matriptase

e]r47, 148, 152

appeared shortly thereaft Besides playing a role in normal cellular
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physiology, matriptase may be involved in multiple pathological processes, including
carcinogenesis and tumor progression.
1.3.2.1Family, locdization, and expression

Matriptase belongs to the type Il transmembrane serine prdfE&Se)family and
is expressed by both simple and stratified epithelia in many organ systems, including the
skin, breast, lung, small intestine, colon, kignevary, stomach, colon, and prostitée
148, 153158 The widespread epithelial expression of matriptase is consistent with its
essential roles in the formation and maintenance of epithelial intédrity”® It is
predominately expressed by the epithelial components of human tissues, by epithelial cell

47, 148, 150, 15 156, 160

lines, and epithelialerived cancer cell line The protease is not

expressed by fibroblasts present in the stromal component of tissues. For the most part,
tissues lacking epithelial components do not show matriptase expression, nor do tumors
or tumor cell lines derived from nespithelal tissues, with the exception of leukemia

§47, 156, 157

and lymphoma cell line In addition to epithelial and carcinoma cells, blood

5147, 157 147,157, 164163
)

leukocyte monocyts and neutrophil$*” **” chondrocytes®, mast

cells*®, and neuraprogenitorcells*®

also express matriptase.
1.3.2.2Matriptase structure

Matriptase is a mosaic protein, containing 855 amino acids and its calculated
molecular mass is 94kDa (Figure 12). At the amineterminal end, the protease has
an intracellular domain that consists of 54 amino acids, which contains a consensus
phosphorylation site for protein kinase C (PKC), followed by a transmembrane domain.

The cytoplasmic tail of # protease can interact with filamins and anchor the protease to

the actin cytoskeletotf”. The extracellular stem region of matriptase consists of a
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Figure 1.2 Schematic representation of the matriptase structure.

Matriptase is a mosaic protein. It has intracellular domain at the am#terminal end
followed by a transmembrane domain. The extracellular stem region of matriptase
consists of a single SEA domain, two CUB domains, four tandem LDLRA domains, and

a conserved serine protease domain atdhigoxytterminal end.
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single sea urchin sperm protein, enteropeptidase, and agrin (SEA) domain, two tandem
Clr/s, Uegf, and Bone morphogenic protéifCUB) domains, and four tandem low
density lipoprotein receptor class A (LDLRA) doma(fggure 12). These noncatalytic
modules appear to play an essential role in the cellular localization, activation, inhibition,
and likely, the substrate specificity of matriptase. The SEA domain consists of about
120 amino acid$®® and has the ability to undergo a posttranslationalchetfvage™®® at
G-149, an event called -drminal processing. This process is critical for the
maturation and zymogen activation of the protéd3e The two CUB domains and four
LDLRA domains play a critical role in the cellular localization, which targets the protease
to the baslateral plasma membrane, and zymogen activaffon The carboxyterminal
serine protease domain is structurally similar to that of other TTSBare 12). It
includes a conserved histidine/aspartic acid/serine (HDS) catalytic triad essential for
protedytic activity.

Besides those indicated above, four potentidinked glycosylation sites are also
found in the matriptase sequence. Among them, the7/&8rand AsfB02 are important
for matriptase zymogen activatidf. ~Another residue, G827, in theserine protease
domain of matriptase has been shown to have an important role in its actiVatién
mutatedGly-827 causes a rare human genetic skin disorder called autosomal recessive
ichthyosis with hypotrichosis (ARIH}*’. A unique insertion lgm, 60loop insertion,
was found in the serine protease domain of matriptase. This insertion contains nine
residues that form la-hairpin loop which is rotated away from the active site, resulting in
a more open cavity than in the case of thrombin, whist eontains a similar loop™.

This unique feature significantly influences the substrate specificity of matriptase.
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Matriptase has approximate p@edicted disulfide bonds. One thiese disulfide bonds
links the serine protease domain and the noncatalytic region which keeps these two parts
together after the zymogen activatidff. This disulfide bond is very sensitive to
oxidizing and/or reducing environmentsdais readily cleaved after the cells are lysed.
Thiscleavage an be pr e v e n{dithidbisyitrobehzbic acigl) (BTN Or
other oxidizing reagents to the lysis buff&
1.3.2.3Life cycleof matriptase

The regulation of matriptase is a complicated process. Matriptase is synthesized as
a full-length zymogen with a size of around-KBa (Figure 13). The fultlength
matriptase is converted to its mature form vialeawage at €49 within the SEA
domain yetit is still membraneassociated; this process is also calledeininal
processing and requires no enzyme involvem&h{Figure 13). The activation of
matriptase zgogen is by autoactivationi’, a mechanismvhich is only observed in the
initiator proteases of protease cascadesishkiely mediated by the intrinsic proteolytic
activity of the zymogen. The matriptase zymogen appears to exhibit unusually high
inherentproteolytic activity, which can be as much as 3% of that of active matriptase
under optimal conditions at pH 6. The activation of matriptase follows very
classic scheme by cleavage at a canonical activation motif that converts theclsanal
zymogen to a disulfidénked twochain active enzyme. The tvaain active
matriptase contains a noncatalytic regionkf&, and a serine protease domaistkDa
174 In most matriptasexpressing cells, the active matriptase must immediately act on
its substrates since the active matriptase is rapidly inhibited by its inhibitors, such as

HAI-1 and antithrombirto form complexes and shed into the extracellular luthen
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Figure 1.3 Schematic representation of the life cycle of matriptase.

Matriptase is synthesized adull-length zymogen with a size of around-&B3a. Then

it undergoes a conversion of flingth matriptase to its mature form via a cleavage a
G-149 within the SEA domain, also called -Mrminal processing. The activation of
matriptase zymogen follows a very classic scheme by which a canonical activation motif
is cleaved to convert the sigraiain zymogen to a disulfidenked two-chain active
enzyme. The active matriptase is immediately inhibited by its inhibitor-HAdnd

shed into the extracellular lumen.
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The shedding of activated matriptase complexes requires a proteolytic cleavage at either
189LysSer190 or 204Lydhr205'.  In addition to the activated matriptase complexes,
the latenform of matriptase, 78&Da, is alscshed to the extracellular miliéf 1"
1.3.2.4Extracellular stimuli for matriptase activation

As an initiator protease at the top of protease cascade, the most critical step is the
initiation of activation of matriptase zymogen. Activation of the initiator protease not
only brings matriptase to life, but also switches on theviggtdf downstream proteases
substratesthose physiological functioresrecontrolled by the matriptasdriven protease
cascade. As an initiator protease, matriptase activity is regulated by a number of
cell-type specific extracellular stimuli, neprotease factors, on the cell surface.
Sphingosinel-phosphate (S1P) is the first physiological extracellular stimulus identified
from fetal bovine serum which induced matriptase activation on the surface of
immortalized breast epithelial cefl§. Though a wide spectrum of biological functions
can be induced by S1P in a variety of cell typesg., survival, actin cytoskeletal
rearrangement, proliferation, calhape changes, assembly of adherens junctions,acellul
motility, the inhibition of gap junction communication, and contractféf®’, the
functional linkage of S1P and matriptase zymogen activation is presently unknown. The
potent cellular effects of S1P amneegted by direct binding of the lysophospholipids to a
subfamily of cell surface <€rotein coupled receptors termed the endothelial
differentiation geng EDG) receptors, which wereenamed S1P receptors in 20852
The relative levels of expression of EDG/S1P receptors and the distinct expression
patternof the EDG/S1P receptors vary in different cell types and are the k&yrsfac

regulating the power d1P. How and whether matriptase activation requires EDG/S1P
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receptors and their downstream signaling remammknown, but the mechanism
apparently doesat involve direct binding of S1P to the protea¥ In contrast to the
immortalized breast epithelial cells, breast canamlls have apparently lost
S1Rmediated matriptase activatidfi®. Cancer cells appe#o constitutively activas
matriptase andvhich is shed into conditioned medi&®, indicating thatmalignant
epithelial cellshavelost the physiological mechanism cailing matriptase activation.

The second identified inducer for matriptase activation is suramin, a srtfige
anionic small molecul&”™. The discovery of suramin was wpected as it was originally
used to uncouple the interaction between S1P and SiP3.Suramin aloneinduces
robust matriptase activation, which is more rapid exignsivethaninduced byS1P*">,

The ability of suramin to induce matriptase activation in several matripigsessing
epithelial and carcinoma cells distinguishes it from S1P amndidteormones (see below),
which are celtype specific. The other feature that makes suramin different from S1P
and steroid hormones is the subcellular localization of matriptase activation. In
S1Rtreated 184 A1N4 mammary epithelial cells, activatettiptase was detected at cell
junctions; however, the vesiel&e, intracellular structures in the surantieated cells
arewhereactivated matriptasis found*”>.

To undestand therregular matriptase activation in cancer cells, in contrast to the
normal physiological SHmediated matriptase activation, our lab endeavored to identify
the extracellular stimulators responsible for tlgerdgulation. Androgensye identified
as a thirdinducer for matriptase activation in LNCaP prostate cancer t¥lls In

hormonedependent LNCaP cells, androgens play a key role in the activation of

matriptase, which is similaio the dependence on S1P foatriptase activation in 184
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A1IN4 cells. Significant suppression of mptase zymogen activation was seen in
hormonestarved LNCaP cells without alteration of the expression of matriptase mRNA
8 This phenmenon was also observedserumstarved 184 A1N4 cells. Like S1P,
the robust matriptase activation induced by androgen is through its receptor, trgeandro
receptor (AR). However, the time requirement for the two extracellular stimuli to
mediatematriptase activation is significantly differentMatriptase activation induced by
S1P through the EDG/S1P receptors is rapid, likelghin 10 min; however,
androgeninduced matriptase activatiés dramatically slowetaking at least 6 hour™.
Though the androgens also regulate several proteases in prostate can@ceitdude
protease/KLKL1 ' prostate specific antigen (PSA), glandularikegin %6 TMPRSS2
187. 188 MMP-2 *®° and a protease with high homology with enamel matrix serine
proteinase 1'%, the major #ects of androgen treatment aadtributed to the altered
expression of these proteasather than tdhe level of zymogen activation. Despite the
conspicuous hormone dependenmie matriptase activain in prostate cancer cells,
hormonestarvation treatment in hormowkependent breast cancer cells did not alter
matriptase activatiot’”. The striking difference between the prostate and breast cancer
cells may result from the high basal level of matriptase activation in breast canser cell
1.3.2.5Activation machinery

The structural and mechanistic diversity of the stimuli of matriptase zymogen
activation indicates that there might e activation machinery that carries out the
cleavage of activation in response to these diverse extracetiohatis The hypothesis

of the presence of activation machinery is initially proposed based on the observation that

activation of matriptase induced by S1P and suramin takes place on {bellgeihctions
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and intracellular membrane structures, respegtivé™ '®*  The activation appears
where matriptase zymogen accumulates and then propagates along-tled peictions.
The activation machinery can be isolated by homogenizing the cells and collecting the
membrane fraction§’>.  Using these isolated membrane fractions, matriptase activation
can be characterized in a cblte setting. Several interesting features of matriptase
activation have been defined ugithis in vitro, celifree system. These features include
1) the requirement of lipid bilayer biomembral?4 2) the regulation by the chemical
environments such as pH and saffs'® 3) the presence of cytosolic suppressor, and 4)
the dependence of the interactions of matriptase molecules and othehbgedentified
proteins, likely via the noncatalytic domains of matriptase. These biochemical features
of mariptase activation can also be seen in intact cells.
1.3.2.6Matriptase functions

Matriptase is found in the epitheliurof all organ systems examined’ %4
suggesting a role of the protease in common architédemsures or functions in all
epithelial tissues. Matriptase is indeed required for the maintenance of epithelial
integrity in multiple organ systems, as demonstrated by mice with postnatal ablation of
matriptase in the epithelial tissues, and includesased transepithelial permeability, loss
of tight junction function, and generalized epithelial demise, leading to severe organ
dysfunction™®. The requirement of matriptase has also been seen in eplidenmiar
function, hair follicle development, and thymic homeostasis in matriptase knockout mice
115 indicating the impact of matriptase dysregulation in specialized epithelial tissues.
Aberrant processing gifrofilaggrins during epidermal terminal differentiation, which is

responsible for the skin barrier function, is the cause of many of the epidermal defects
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seen inmice with targeted deletion of matriptas¥. The importance of matriptase in
epidermal differentiation and barrier function are also found in humans. Four types of
matriptase mutations have been found in humans. Instead of postnatal death seen i
matriptase knockout micepatients with matriptasenutations surviveyet exhibit
ichthyosis hypotrichosis, and follicular atrophoderrf@*?2.  The phenotypes seen in
matriptase mutation patients are similar to those seen in matriptase hypomorpHit.mice
Besides loss dbarrier function, increased matriptase activation has been seen in several
distinct skin diseases of humans, and in keratinocytes close to inflammatiofrareés
addition to epidermal homeostasis, matriptase has been sbhgMay an important role
during neural tube closuré”.

The orrelation of matriptase and cancer development and progression has been
shown by several groups including ours. When matriptase was overexpressed in gastric
cancer cells and grafted to nude mice, a significant increase in metastasis of the cells was
obseved, resulting in enhanced colonization of the lymph notis The potent
oncogenic activity of matriptase was demonstratedgua transgenic mousaodel in
which mild overexpression of matriptase is tarddtethe skin. All the mice developed
spontaneous squamous cell carcinoma and became very susceptible to
carcinogerinduced tumor formation***  Interestingly, the oncogenic activity of
matriptase is completeihegated when HAL, the endogenous inhibitor of matriptase, is
simultaneously overexpressed in these transgenic fiifce The malignant epithelial
transformation by dysregulated matriptase expression ancesicae by HAIL suggest
that it is not the levels of matriptadmut the ratio of matriptase to HAlthatis likely to

bethe driving force that converts this physiological membrane protease into an oncogenic
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protease. The imbalance between matriptase HlAI-1, and increased matriptase
expression are both commonly seen in a wide variety of primary human carcitiSmas
20 and these dysregulations are associated with poor patient outctfés
Surprisingly, reduced matriptase expression has been shown in lates ctdyeast
cancer and is associated with poor patient outcomes asWellThe reduced level of
matriptase in advanced cancer is consistent with the downregulation of the protease
during the epithelial to mesenchymal transiton (EMT 2 Moreover,
downregulation of HAIL is also observed in advanced damrcancer’® providing
additionalsupportfor the hypotheses tha the ratio of matriptase to HAlI that may
cause a more significant role in cancather than theabsoluteexpression levels of
matriptase.

The expression of matriptase in chondrocyfésmonocytes®**®® mast cells'®,
and neural progenitor celt§® suggests that this membrane protease may function in a
variety of distinct physiological processes beyond the maintenance of epithelial integrity
and function. Matriptase activity in comtytes may contribute to osteoarthritis by
initiating the degradation of cartilage mattf{. Matriptase in monocytes might induce
pro-inflammatory cytokines secreted by endothelial cells, therefore; cotiigbto
atherosclerotic lesion§’.  Expression of matriptase in mast cells which are involved in
many allergyrelated diseases, such as asthma, suggests that matriptase has the potential
to contribute to thesdiseases.
1.3.3Matriptase substrates

The preferred substrate cleavage sequence of matriptase has been identified in detail

by use of the purified recombinant matriptase serine protease domain and a P1 lysine
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positional scanning synthetic combinatorial lirand substrate phage dispfdy, The
preferred cleavage sequences are found to be basic P1 residues (Lys or Arg), small
residues (Ser or Gly) or Phe at P2, basic residues or GIn at P3, basic residuesct P4, a
Al a at the P16 position. I nterestingly,
simultaneously, are less favored, suggesting that the substrate binding pocket contains
only one interaction surface for a positively charged side chain and does not
acmmmodate two such residues at P3 and P4. Indeed, the crystal structure of the serine
protease domain of matriptase showed a tryfilsensubstrate binding pocket (preferring
basic residues), a small hydrophobic S2 site, and only one negatively chafged atir
S4 that is predicted to bind the basic P3 or P4'§ite The revealed structure suggests a
substrate cleavage preference of matriptase with a basic P1 residue, a small hydrophobic
P2 residue and a basP3/P4 residue, which matches the results obténosad the P1
positional scanning synthetic combinatorial library and substrate phage display.

Eight natural substrates of matriptase have been identified to date, including
hepatocyte growth factor (HGFEY® urokinasetype plasminogen activator (uPAY’,

matrix metalloprotease 3 (stromelysifff, proteasectivated regetor2 (PAR2) 2%,

prostasin®’®, macrophage stimulating protein 1 (M$pP?!

, epithelial sodium channels
(ENaC)?*2 and aciésensing iorchannel 1 (ASIC15*®.  Matriptase was also reported to
digest fibronectin and laminif™. No cleavage has been reportedplasminogen,
PAR-1, PAR3, and PAR4 which are highly similar structurally to the matriptase
substrates HGF and PAR?*"'?®  Thesubstrates cleaved by matriptase play a role in

cellular growth, cell motility, cell survival, extracellular matrix (ECM) remodeling, and

skin barrier function. Matriptase has been shown to activate HGF, which itelte
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migration, proliferation, and arphogenesis that is tightly coordinated in the developing
embryo and fetus. Matriptase may also play a role in HGF activation that is implicated
in the development and cyclic remodeling of adult structures such as the mammary gland.
Besides HGF, matripse can also act on uPA to initiate the uPA/plasmin cascade which
may play a key role in organ development and matrix remodeling. The matrix
remodeling could be further encouraged by the activation of HGF, followed by the

R4 215 As an activator of HGF and

upregulation of both uPA and iteceptor, uPA
uPA, matriptase could contribute to cancer development and progreSSiof
Matriptase could also contribute cellular invasion and ceflubstratum adhesion by
activating matrix metalloprotease 3 (stromelysfij,and by degrading components of
extracellular matrix*>*.  Activation of the G proteitoupled receptor, PAR by
matriptase may be important for neural tube clostirand in atherosclerosi§’. The
expression of PAR in epithelial components of human tissues closely overlaps that of

1 196.219.220 54 the functiomof PAR-2 activation are as diverse as

matriptase and HA
exocrine secretion, mitogenesis, prostaglandin release, ion channel activation, and
phagocytosi$???°.  PAR2 activation could result in Kand C&" channel activation

and increase prostaglandin release, both of which can lead to increased intestinal transit
230 several pieces of evidence sugghst the role of matriptase in epidermal barrier
function is likely mediated through the activation of prostasin, a
glycosylphosphatidylinositol (GRBnchored serine protease: 1) The epidermal defects
seen in both matriptase and prostasin knockout migealanost identicat'® **¢ 2) Both

proteins are c@xpressedh the transient layer of the skiff, and 3) Prostasin activation

is undetectable in the skin of matriptase knockout rfiite Matriptase may also play a
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role in macrophage activation through the activation of macrophage stimulating protein 1
(MSP-1) #%.  In addition, matriptase can regulate ion homeostasis by activating
epithelial sodium channels (ENaé¥ either directly, or by activating prostasin, and
acid-sensing ion channel 1 (ASICAY’
1.3.4Matriptase inactivation

The two major mechanisms that control proteolytic activity of a given protease, in
general, are the activation of protease zymogen and the inhibition of active protease.
While the control of maiptase activity also follows this canonical mechanism, one of the
most interesting features of matriptase regulation is that both the zymogen activation and
the inhibition are closely coupled. To date, five endogenous inhibitors of matriptase
have been ientified. These include hepatocyte growth factor inhikitgHAI-1) *>°
HAI-2 %% antithrombin, alphd anttrypsin @1AT), and alph&2-antiplasmin 42AP) 13
Among these five inhibitors, HAl, the major inhibitor of matriptase, is a
membranebound, Kunitztype serine protease inhibitor and is coexpressed and
colocalized wih matriptase in many epithelial ceff§. HAI-1 is not only an inhibitor
of matriptasebut also participates in the expression, intracellular trafficking, and
zymogen activation of matriptasé™ "> Besides HAI1, HAI-2, other Kunitztype
serine protease inhibitors, have been reported to play a role in the regulation of matriptase
231 Antithrombin,a1AT, anda2AP haverecently joined HAI1 in the roleof inhibiting
matriptase'®®. These serine protease inhibitors (serpins) suicidally form irreversible
complexes with ratriptase through a covalent bond; on the other Hanahation ofthe
matriptase/HAI1 ard matriptase/HAR complexes iseversible.

1.3.4.1Kunitz-type serine proteas@sHAI -1 and HAI-2
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HAI-1 wasoriginally identified as a strong inhibitor of HGF activatorGRA) %32

This inhibitor encoded by th8PINT1gene locates on chromosome 15q15 and contains
11 exons and 10 introrfd>  The messenger RNA (mMRNA) of HAl encodes protein

of 513 amino acids. The mature HA] after removal of a 35 amino acid signal peptide,
contains 478 amino acids with a calculated molecular mass D&% The
membraneanchored HAIL consists of cytoplasmic tail with 41 amino acid residues at
its carboxyl terminus, followed by a transmembrane dom(&igure 14). The
extracellular stem region of HAl contains two Kunitzype serine protease inhibitory
domains (Kunitz domain | and Il) of appiicnately 60 amino acids each, both of which
are separated by a LBileceptoflike domain(Figure 14). The motif at the Merminus
with eight cysteines (MANEC, formerly called MANSE) was recently identified as a
new domain for HAILl. Three putativé&-linked glycosylation sites have been found in
HAI-12%,

Besides being anchored on the plasma membrane, ak@aSwrm on the cell
membrane, HAIL can be releadeas two soluble forms with sizes of-58hd40-kDa by
proteolytic cleavage$®™ HAI-1 can be detected eithier its unbound, free form or in
complexes with activated matriptased prostasifn> %

HAI-1-mediated inhibition is closely related to matriptase activation induced by
several stimuli including S1P, suramin, androgen, and a€id!’" 8% 184 The
paradoxical requirement of HAll in matriptase astation can be demonstrated by 1) the
ablation of matriptase activation whematriptase anda HAI-1 mutant at theLDL
receptor class A domain are coexpressédcand 2) the translocation and accumulation of

HAI-1 are along with matriptase at ce#ll junctions or in the intracellular vesielike
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Figure 1.4 Schematic representation of the HAI1 structure.

The membrananchored HAI1 consists of a cytoplasmic tail at its carboxyl terminus,
followed by a transiembrane domain. The extracellular stem region of-H&bntains

two Kunitztype serine protease inhibitory domains, both of which are separated by a
LDLRA domain. A MANSC (MANEC) domain was recently identified as a new

domain for HAL1 at its amino terimus.
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structures during matriptase activatidl  Once activated, matriptase must rapidly act
on its substrates as the active matriptase wilgbeky inhibited by HAF1 o other
matriptase inhibitors. The interaction between matriptase zymogen and idAlery
weak; thereforeno stable complex can be detected by immunoblot. In contrast to
matriptase zymogen, HAL forms a very stable complex with active matriptase
MatriptaseHAI-1 complexes are stable in SDS sample buffer in the absence of reducing
agents and heatingnd can be detected by immunobfét The matriptase/HAL
complex is initally detected as a 1XDa complex in cell lysatesvhich contains a
70-kDa activated matriptase and t68-kDa mature, membraregound HAFL *">  The
ectodomais of the matripase/HAFL complexare shedsubsequently from cell surface
into the extracellular miliet’* 84

While HAI-1 is a well established inhibitor of matriptase, HAlencoded byhe
SPINT2 gene, has also beenpoeted as an inhibitor for matriptase and can form
SDSstable complexes with activated matripta&®. Although HAF2 can block
matriptasedependent activein of proprostasin and cell surfad®und preuPA, and its
expression pattern perfectly matches that of matriptase andlHHARAI-2 is usually

consideredto beredundat or partially redundanith HAI-1 23,

However, a recent
study has shown an essential function of ¥2Akegulated inhibition of matriptase during
tissue morphogenesis in mice with genetic inactivation of the mouse SPINTZ*§ene
The HAI2 deficiencyassociated defects include abnormal placental labyrinth
development associated with loss of epithelial cell polarity, embryonic demise, and neural

tube closure. These defects, except the neuta wlosure, can be restored by

simultaneously genetically inactivating matriptase, suggesting the defects are caused by
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the dysregulated matriptase activity.
1.3.4.2Serine protease inhibitors (Serping)Antithrombin, alphal antitrypsin @1AT),

and alpha2-antiplasmin @2AP)

In addition to the two Kunittype inhibitors, HA}1 and HAI2, several endogenous
serine protease inhibitors (serpins) of matriptase have been identified and include
antithrombin, alphd antitrypsin 41AT), and alpl-2-antiplasmin §2AP) 1%, These
serpins are isolated and identified in their complex forms with activated matriptase from

human milk*®
1.3.4.2.1Antithrombin

Antithrombin andalAT are two of the first members of the serpin superfamily to be
extensively studied.The major functions of antithrombin aad AT are to control blood

coagulation and inflammation, respectively.

Antithrombinis a small glycoprotein consiag of 432 amino acids.lt is produced
by the liver and secreted into blood to inactivate several enzymes of the coagulation
system. Antithrombin has a halife of about 3 days and high concentration at
approximately 2.3rM in blood plasma®®” #?*® Three disulfide bonds, CysBys128,
Cys21Cys95, and Cys248ys430, and four possible glycosylation sites, N96, N135,
N155, and N192, have been reported in antithrom@ino types of antithrombin are
found in bloodplasma, with alphantithrombin the dominant form and betatithrombin
the minor form. The four glycosylation sites of alpfamtithrombin have an

oligosaccharide occupying each of the sites by covalent linkdge However,
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betaantithrombin consistently has one single glycosylation site, N135, which remains
unoccupied®®. The activity of antithrombin is increased significantly when it binds to

heparin.

The nactivation rate of the physiological target proteases, like thrombin, Factor IXa
and Factor Xa, of antithrombin increases @0&ne million and 1000 foldrespectively,
in the presence of hepariff*®*>. The secret power of heparin to enhance the
inactivation rate of antithrombin lies on a specific pentasaccharide sulfation sequence
contained within the heparin polymer,
GICNAC/NS(6S)GICA-GICNS(3S,6S)doA(2S)GIcNS(6S). Two distinct mechanisms
are used by antithrombin upon binding to the pentasaccharide sulfation sequence of
heparin to increase inhibition of protease activity: ligséeric activation which involves
a conformational change within antithromi5ifi, and 2) norallosteric activation which
forms a ternary complex between antithrombin and the target proféaserhe
conformational change, allosteric activation, within antithrombin in response to
pentasaccharide sulfation binding risquired to increase inhibitioaf Factor 1Xa and
Facta Xa?**%° When bound to the pentasaccharide sulfation sequence, the amino acid
residues P14 and P15, located within théehninal of the RCL (also called hinge
region), expel themselves from the main bodfy the protein. Preventing this
conformational change abolishes the increasedoFdia and Factor Xa inhibition
246 Hence, the pentasaccharideund form of antithrombin is a more effective inhibitor
of Fador 1Xa and Factor Xa.ln addition to the pentasaccharide sulfation sequence,
increased thrombin inhibition requires at leasadditional 13 monomeric units, due to a

requirement that thrombin and antithrombin must be adjacent to each other on the same
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heparin %%

Therefore, binding of both protease and antithrombin onto heparin
dramatically accelerates the interaction between the two paitiethe absence of the
pentasaccharide, only 0.25% antithrombin molecules are in the actnferroation

245 Therefore, both mechanisms of activation of antithrombin are important to greatly
and locally activate antithrombin, in order to perform its inhibitory function.

1.3.4.30ther inhibitors

Matriptase ativity can be also inhibited by naturally occurring protease inhibitors,
such as aprotinin, soybean trypsin inhibitor, BowrBatk inhibitor, lima bean trypsin
inhibitor and sunflower trypsin inhibitor (SFT) 2°* >3 Several matriptase catalytic
inhibitors have also been developed, including small molecule and pbptdd
inhibitors. These inhibitors exhibit great potency against matriptase activity insing
vitro assays that, in most cases, have madeofishe recombinant matriptase serine
protease domairf*® %%’ Antibody-based inhibitors specifically targeted against

matriptase have also been developéd

1.4 Hypotheses

We hypothesize that the matriptaaéiated protease network plays essential roles in

human Kin function via regulation gbroliferation and differentian of keratinocytes

1.5Research Objectives

Our research objectives are 1) to define the functional relationship between matriptase
and prostasin in human keratinocytes, 2) to elucidate the physiological function of
matriptase in human skin, 3) to identdpd characterize the keratinocggecific stimuli
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that induce matriptase activation, and 4) to determine how antithrombin regulates

pericellular matriptase activity.
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Chapter 2 i1 Regulation of the Matriptase-Prostasin Cell Surface
Proteolytic Cascade byHepatocyte Growth Factor Activator

Inhibitor -1 during Epidermal Differentiation
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2.1 Abstract

Matriptase, a membrariethered serine protease, plays essential roles in
epidermal differentiation and barrier function, largely mediated via its activation of
prostasin, a glycosylphosphatidylinosi@ahchored serine protease. Matriptase activity
is tightly regulated by its inhibitor hepatocyte growth factor activator inhHiitg1Al-1)
such that free active matriptase is only briefly available to act on it¢rgig@ss In the
current study we provide evidence for how matriptase activates prostasin under this tight
control by HAF1. When primary human keratinocytes are induced to differentiate in a
skin organotypic culture model, both matriptase and prostasicoastitutively activated
and then inhibited by HAL. These processes also occur in HaCaT human
keratinocytes when matriptase activation is induced by exposure of the cells to a pH 6.0
buffer. Using this ackinducible activation system we demonstrdbat prostasin
activation is suppressed by matriptase knockdown and by blocking matriptase activation
with sodium chloride, suggesting that prostasin activation is dependent on matriptase in
this system. Kinetics studies further reveal that the timingawatoactivation of
matriptase, prostasin activation, and inhibition of both enzymes bylH#ihding are
closely correlated. These data suggest that, during epidermal differentiation, the
matriptaseprostasin proteolytic cascade is tightly regulated by twechanisms: 1)
prostasin activation temporally coupled to matriptase autoactivation and 2) kFpidly
inhibiting not only active matriptase but also active prostasin, resulting in an extremely
brief window of opportunity for both active matriptase ative prostasin to act on their

substrates.
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2.2 Introduction

Matriptase, a type Il transmembrane serine protease, plays essential roles in
epidermal differentiation and barrier function®> *”  Mutations of matptase are
associated withautosomal recessive ichthyosis and hypotrichosis (ARfA) Four
mutations have been identified BT14 the gene that encodes for matriptas&®
Targeted deletion of matriptase in mice also causes severe epidermal defects with
impairment of desquamation, lipid matrix formation, and profilaggrin processing.
These defects lead to compromised epidermal barrier function and posettal'd
The severe epidermal defects appear to result from the lack of activation of the
GPlanchored serine protease prostasin by matriptase, since both matigftasat and
prostasirdeficient mice sha& an almost identical pattern of epidermal defects.
Furthermore, lack of prostasin activation was observed in matrg&iggent mouse
skin ¢ 21 syggesting that, much of the function of matriptase inepieermis is
manifested through the activation of prostasin.

Hepatocyte growth factor activator inhibibr (HAI-1) is a transmembrane
Kunitz-type serine protease inhibité¥. HAI-1 can inhibit matriptasenia competitive
and reversible manner, consistent with the characteristics of Kwyp#izserine protease
inhibitors **. What is unusual, however, is its high efficiency of matriptase inhibition
by HAI-1. As a consequence of this efficiency, free active matriptase is rapidly
inactivated by HAI1 binding and can only act on its downstream substrates for
extremely short time periods after activatioft' > ®° This unusually efficient
inhibition results not only from the high inhibitory potency of HAP®® and the

subcellular cdocalization of enzyme and inhibitd?>® but also from several uncommon
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biochemical mechanisms. For example, most matrigapeessing epithelial cells
express HAIL in significantly higher levels compared toethevels of matriptase,
typically in excess of 1fold molar excessf the former’®™. In the absence of HAl,
newly synthesized matriptase accumulates within the ER/Golgi which results in very low
levels of matriptase being expressed HAI-1 may also participate in matriptase
zymogen activation, since matriptase activation is significantly reduced when point
mutations are introduced into the LDL receptor class A domain ofHAI this domain
is deleted™”. This unusual relationship betweenatriptase and HAL resuls in two
unique consequences: 1) the very shiged availability of free active matriptase, due to
the direct and rapid access of HAlto the newly generated active matriptasel 2na
paradoxical reduction, rather than increase in matriptase activity in the absencelf HAI
The shorlived availability of active matriptase suggests that activation of the
downstream matriptase substrat evatmmsThe be co
paradoxical decrease in matriptase function associated withlLHkficiency appears to
be consistent with animal studies in which the epidermal defects seen {fr-thicient
mice resemble those in matriptase hypomorphic ffft&>

Although data from genetic manipulation models and studies of tissue distribution
clearly demonstrate a close functional linkage between matriptase and prostasin and their
essential roles in epidermal function, ttetails of how and when the activation of
prostasin by active matriptase occurs, remain largely unknown. In the current study, we
examine the expression and activation state of matriptase and prostasin during epidermal
differentiation using an organotypskin culture model, and dissect the molecular events

associated with the activation and inactivation of these enzymes. Our results

46



demonstrate that matriptase and prostasin are rapidly and constitutively activated
throughout the course of epidermal dréntiation, consistent with their roles in skin
function.  More importantly, although HAl rapidly inhibits active matriptase,
immediately after matriptase zymogen activation, the active matriptase apparently has no
difficulty activating prostasin in thbrief window of opportunity, prior to its inactivation

by HAI-1. Unexpectedly, active prostasin appears to follow the same fate as active
matriptase, and is rapidly inactivated by binding with HAI These data suggest that
epidermal keratinocytes regié matriptasénitiated cell surfaceproteolysis with
unprecedentedight control to safeguard themselves from the proteolytic activities of

matriptase and prostasin.

2.3 Materials and Methods

2.3.1Antibodies

Two types of matriptase antibodies weansed: the mouse monoclonal antibodies
(mAbs) M32 and M24 and rat mAb Zlrecognize both latent and activated forms of
matriptase'®> %% 7 mAb M69 recognizes an epitope present only on activated
matriptsse and is, therefore, able to distinguish activated matriptase from latent
matriptase'’* 2 Human HA}L protein was detected using the HAmMAb M19%,
Two prostasin antibodies were used: A prostasin polyclonal antibody, described
previously 2% 263 which is able to recognize both activated prostasin in complex with
HAI-1 and uncomplexed prostasin, which is presbiy the latent form of the enzyme.

Interestingly this antibody appears to recognize the prosti&inl complex better than

latent prostasin. The second antibody was a prostasin mAb (Becton, Dickinson and
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Company, Franklin Lakes, NJ) that only recogrizarostasin after hedenaturing
treatment which resudin the dissociation of the prostagdiAl-1 complex.
2.3.2Lentiviral particle preparation and cell transduction for the delivery of
small hairpin RNAs

Matriptasetargeting and nottargeting control sl hairpin RNAs (SshRNA) in the
vector PLKO.Xpuro were purchased from Open Biosystems (Huntsville, AL). The
SshRNAs constructs were packaged into lentiviral particles using 293T cells using
standard methods. Briefly, on day 1, 293T cells were switché@sb media without
antibiotics 3 hours prior to transfection. Ten grams of the shRNA plasmids were mixed
with 5 ng of VS\G, 5ng of d89, 50m CaCk and waterto a total volume of 500n.
The mixture was then mixed with 50@ of 2X Hebs buffer and incubated at room
temperature for 20 minutes. The resultant mixture was then added dropwise onto a
100-mm dish of 28T cells, and the cells incubated overnight & 3#ith 5% CQ.
The following day, the transfection media were replaced with fresh media and the
cultures again incubated overnight. On the third day, conditioned media were harvested
from the plates andlfered through a 2&m PES syringe driven filter unit.
2.3.3Cell culture and media

The immortalized human keratinocyte line HaCaT was cultured in DMEM (Cellgro,
Manassas, VA) supplemented with 10% FBS (Gemini, West Sacramento, CA), 100 U/ml
penicillin, and D0 ng/ml streptomycin. Primary human keratinocytes isolated from
neonatal foreskin tissue were cultured in keratinocyte serum free media (KSFM, Gibco,
Invitrogen, Carlsbad, CA) supplemented with i&¥ml bovine pituitary extract and 1.5

ng/ml of recombinat epidermal growth factor. Cultures were maintained in a
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humidified 5% CQ atmosphere at 7.

2.3.40rganotypic culture

Organotypic raft cultures were generated based on the method described previously
264,265 Collagen (type | rat tail; BD Biosciences, Bedford, MA) plugs with IB3T3
fibroblasts per ml were prepared imll cell culture inserts (0.4m pore size, PET
tracketched membrane; Becton Dickinson, Franklin Lakes, NJ), and incubated for 1 day.
A total of 10 primary human keratinocytes were plated on top of each plug in KSFM
supplemented with 25g/ml bovine pituitary extract and 1.5 ng/ml of recombinant
epidermal growth factor. After 2 days, primdmyman keratinocyte differentiation was
initiated by lifting the organotypic cultures to the-aquid interface, and changing the
culture medium to KSFM supplemented withr&ml bovine pituitary extract, 1.5 ng/ml
of recombinant epidermal growth factor. The medium was changed every second day
for the next 8 days.
2.3.5Acid-induced matriptase activation in HaCaT cells

Matriptase activation was induced by exposing HaCaT cells to a 0.15 M phosphate
buffer (PB), pH 6.0 for 30 minutes at room temperature (RT), as described previdusly
For the activation kinetics assay, the cells were incubated with PB for various times as
indicated in the figure. Qelysates were harvested and subjected to immunoblot
analysis.
2.3.6lmmunoblot analysis

Proteins for immunoblot analysis were prepared from the organotypic cultures and
regular cell cultures by washing the cells three times with phosphétred saline (PBS,

Cellgro, Manassas, VA), followed by dissolving cells in 1% Tritod00 in PBS at @
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for 5 minutes. Insoluble debris was removed by centrifugation. The protein
concentrations in these lysates were determined using the BCA protein assay reagents
(PierceRockf or d, I L) according to the manufact
the same amount of total protein were mixed with 5X sample buffer and resolved by
7.5% SDSpolyacrylamide gel electrophoresis (SPAGE) and then transferred to
nitrocellulose membrane (Pall Corporation, Pensacola, FL). The membranes were
probed with the appropriate antibodies and a HRP conjugated secondary antibody
(Kirkegaard & Perry Laboratories, Gaithersburg, MD), before signal detection with
Western Lightning Chemiluminesnce Reagent Plus (Pergtmer, Boston, MA).
2.3.7ProstasinHAI -1 complex purification

HaCaT cells were treated with PB for 30 minutes at RT to activate prostasin and
induce prostasiHAl-1 complex formation. After activation, the cells were washed
three times with PBS and lysed with 1% Triton-200 in PBS. The cell lysates were
centrifuged to remove insoluble debris and then dialyzed against 20 mM QkigpH
8.0, containing 1% Triton X100 (buffer A) The dialyzed sample was loaded onto a
DEAE Sepharoséast Flow column (GE Healthcare, Piscataway, NJ)eprelibrated
with buffer A.  The DEAE column was washed with 5 column volume of buffer A, and
proteins were eluted with a linear gradient af 0.5 M NaCl in buffer A. The eluted
fractions containinghte prostasiHAI-1 complex were pooled and loaded onto a HAI
mAb M19 immunoaffinity column prequilibrated with buffer A. The column was
washed with buffer A and bound protein was then eluted with 0.1 N ghttiepH 2.4.

The eluate fractions werentralized immediately after collection with 2 M Trizma Base.

2.3.8Mass spectrometry analysis and identification of prostasin
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The protein bands from SDPAGE gels stained with Protoblue (National
Diagnostics, Atlanta, Georgia) were excised, washed, destaimet], trgpsinized
overnight at 33 using standard protocols after dithiothreitol (DTT) reduction and
iodoacetamide alkylation. Analysis of the tryptic peptides derived from the protein
samples was performed by liquid chromatography/mass spectrometry (LS/MS) using

services provided by Pitech Inc. (Norristown, PA).

2.4 Results
2.4.1Activation of matriptase startsagly, and is maintained throughouin vitro

human epidermal differentiation

Epidermal differentiation involves a host of proteases and protease inhibitors of
which matriptase is an em#tial player in the development of skimrber function.
Here we use@-dimensional organotypic skin cultures to examine the functional status of
matriptase during epidermal differentiation. When cultured as a monolayer, primary
human keratinocytes esgss matriptase in its mature latent form, yielding kD&
protein band on immunoblots using matriptase mAb M2dure 21, Total MTP, lanes
M). The cells are devoid of activated matriptase as shown by the lack of a band
recognized by the mAb M69 whiatan specifically distinguish active matriptase from
latent matriptaseHgure 21, Activated MTP, lanes M).  The cognate inhibitor of
matriptase, HAIL, is also expressed by human keratinocytes in monolayer culture,
detectable in its waomplexed form ab5-kDa detected by HAL mAb M19 Figure 21,

HAI-1, lanes M).
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Figure 2.1 Detection of a novel HAIL complex in differentiating human
keratinocytes.
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Primary human keratinocytes were grown in monolgy or in a skin organotypic
culture system (R). Cells were harvested on the second or eighth day after they were
lifted to the aifliquid interface and analyzed by immunoblot for total matriptase (Total

MTP), activated matriptase (activated MTP), and HAI
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In order to study how matriptase is regulated during epidermal differentiation,
epidermal organotypic cultures were established using primary human keratinocytes
grown on collagen lattices prepared with fibroblasts. Two days after being lifted to
air-liquid interface, significant activation of matriptase occurs, as indicated by the
appearance of a 12MDa (activated) matriptagdAl-1 complex, which can be detected
by all three mAbs: M24, M69, and M1%iQure 21, 2 days, lanes R). These data
suggest that matriptase activation occurs at an early stage of epidermal differentiation.
Keratinocytes appear to employ HAIlto inhibit matriptase in a fashion identical to that
of other types of epithelial cgllwith the active matriptase being rapidihactivated by
the formation of a 12@Da matriptaséHAl-1 complex. In addition to this species,
however, we noticed that differentiating keratinocytes also form akD@5HAI-1
complex Figure 21, 2 days, HAIL, lane R). The level of the 8&a HAI-1 complex
detectable in the lysates appeared to be comparable to that of thkeDd20
matriptaseHAI-1 complex in epidermal keratinocytes, and yet ankB& HAI-1
complex has not beaeported in other epithelial systems, such as 184 A1IN4 mammary
epithelial @lls suggesting that this species is not present in other epithelial sy$fems
Since HAFL only binds and forms stable complexes with active but not latent serine
proteases, the appearance of thekBa HAI-1 complex suggests that a second serine
protease mapecomeactivated and then bound by HAlin differentiating keratinocytes.

The matriptasédAl-1 complex and 8&Da HAI-1 complex were also detected in raft
culture lysates prepared on tHe day of culture Figure 21, 8 Days), suggesting that the
activation of matriptase and the putative second serine protease may be maintained

during the cours of epidermal differentiation.
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2.4.2Acid exposure induces simultaneous activation of matriptase and a
putative serine protease in HaCaT cells

The appearance of the-8da HAI-1 complex throughout the course of keratinocyte
differentiation in the organotypiskin culture model might be related to activation of
matriptase in a keratinocyselective manner. Previously we discovered using other
epithelial cells that robust matriptase activation can rapidly be induced by simply

exposing the cells to mildly acitliconditions'’” 192

We, therefore, tested if this would
occur in keratinocytes by exposing HaCaT cells to a pH 6.0 buffer, and found that acid
exposure of these cells resulted in the rapid conversion of7f@HéDa matriptase
zymogen to the 12RDa matriptaséHAl-1 complex Figure 22, Total MTP and
Activated MTP, comparing lanes 3 to lanes 1), suggesting that keratinocytes indeed share
this activation mechanism with other epithelial cells. In addition to lth@kDa
matriptaseHAI-1 complex, the 8&Da HAI-1 complex was also detected in these cells

in response to the mild acid exposurg(re 22, HAI-1, lane 3).

Acid-driven matriptase activation is thought to result from an unusual feature of the
matriptase zymogen. The intrinsic activity of the zymogen fafmatriptase is greatly
enhanced at a mildly acidic pH, and this may contribute to matriptase autoactiVation
Furthermore, matriptase zymogen activity can also be inhibited by elevated
concentrations of sodium chloridascan the autoactivation of matriptase in 184 A1N4

mammary epithelial cells'™® 192

The HaCaT cells also appear to exhibit the
NaClmediated inhibition of acithduced matriptase activation since the levels of the
120-kDa matriptaséHAl-1 complex were significantly reduced in the presence of

increased NaClIRigure 22, comparing lane2 to lanes 3). Interestingly, sodium
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Figure 2.2 Acid induced activation of matriptase is associated with the formation of
a novel 85kDa HAI -1 complex in immortalized human keratinocytes.

HaCaT cells wear incubated with basal media (Basal, lane 1) or phosphate buffer pH 6.0
with 0.15 M NaCl (PB+NaCl, lane 2) or phosphate buffer pH 6.0 alone (PB, lane 3) for
30 minutes. Cell lysates were extracted and subjected to immunoblot analyses for total

matriptasetotal MTP), activated matriptase (activated MTP) and HAI
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chloride also significantly suppressed formation of thekB& HAI-1 complex Figure
2.2, HAI-1, comparing lane 2 to lane 3). These data suggest that formation of the
85kDa HAI-1 complex maybe an event common to keratinocytes and that its
appearance is associated withtriptase activation.
2.4.3Purification of the 85kDa HAI-1 complex and identification of prostasin
as a component of the complex

To identify the putative serine protease thatdbiro HAFL to form the 8%Da
complex, the complex was isolated from cell lysates prepared from acid exposed HaCaT
cells using a combination of DEAE chromatography, immunodepletion to remove the
120-kDa matriptaséHAl-1 complex using immobilized matripgsmAb 219, and
immunoaffinity chromatography using immobilized HAImAb M19. Following these
procedures, the 8&Da HAI-1 complex was visualized by Protoblue protein staining of a
SDS gel under nehoiled and nonreducing conditiongidure 23A, lane 1, a).
Heatdenaturing the sample resulted in dissociation of th&lBb HAI-1 complex, and
was accompanied by the appearance of bandskdba&snd 35Da (Figure 23, A, lane
2, b and c, respectively). The hsainsitive nature of the 8@8a complex is onsistent
with the noncovalent interactions between serine proteases and -Ky&tzserine
protease inhibitors. fgel trypsin digestion and MBased protein identification
revealed that the 8kDa protein band contained HAl as expected, and the seri
protease prostasifrigure 23B). The constituents of S8&Da prostasiFHAI-1 complex
were further confirmed by M$ased protein identification of the bands yielded by
heatdenaturation of the 8sDa complex with the 3&Da band being confirmed as

prostasin and the 5%Da band as HAL (Figure 23B). Immunoblot analysis using a
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Figure 2.3 Identification of prostasin as a component of the novel 86Da HAI -1
complex.

A. Partially purified 85kDa HAI-1 conplex was analyzed by SBFAGE under either
nonreducing and nonboiled conditions (NRNB) or under nonreducing and boiled
conditions (NR, B) and the proteins bands visualized by staining with ProtoBRue.

The protein bands indicatday a, b, andc in Figure 3A were subjected to proteomic
protein identification by MS/MS. Among the tryptic peptides obtained from protein
banda, 12 peptides matched to HAland 6 peptides matched to prostasin. Thirteen
peptides obtained from barmmatched to HAIL, and thredrom bandc matched to
prostasin. C. The purified 85kDa HAI-1 complex was analyzed by immunoblot for
prostasin under either nonreducing and nonboiled conditions (NRNB) or nonreducing and

boiled conditions (NR, B) using a prostasin polyclonal antibody.
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prostasin antibody also confirmed that thek®& HAI-1 complex contained prostasin
under nonboiled and nonreducing conditioRgy(re 23C, lane 1); and that the &a
protein band released from hekgnaturing was indeed prostasin (Figure 3C, lane 2).
These data and those described above suggest that keratinocytes simultaneously activate
matriptase and prostasin throughout the course of epidermal differentiation, and in
response to acid exposure; and that both active matriptase and active prostagiallgre
inhibited by HAF1.
2.4.4Prostasin activation is dependent on matriptase

We next set out to determine if the activation of prostasin in keratinocytes simply
occurs at the same time as matriptase activation, or if its activation is coupled to, and
dependent on matriptase activation. As showikigure 22, using the HAIL mAb, the
formation of the prostasiRAl-1 complex can be induced by exposing HaCaT cells to a
pH 6.0 buffer, and NaCl can suppress complex formation. Using a prostasin polyclonal
artibody, we confirmed that the 8&a complex was not detected in HaCaT
keratinocytes before acid exposukéglure 24, lane 1). In response to the acid exposure,
the appearance of the-8®ba complex can be clearly detected by the prostasin polyclonal
antibody Figure 24, lane 3), and its appearance is suppressed by the inclusion of NaCl in
the pH 6.0 bufferKigure 24, lane 2), recapitulating the data generated with the-HAI
mAb shown inFigure 22. Since HAYL only binds to active serine proteasesiation
of the prostasiHAI-1 complex should be at the cost of latent prostasin, in a situation
similar to the disappearance of-KDa latent matriptase and the concomitant appearance
of 120kDa matriptaséHAI-1 complex Figure 22). The prostasin polyehal antibody

used in the current study appears to be less sensitive to latent prostasin than to
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Figure 2.4 Acid exposure of HaCaT keratinocytes results in the activation of
prostasin associated with matpptase activation.

HaCaT cells were incubated with basal media (Basal, lane 1) or phosphate buffer pH 6.0
with 0.15 M NaCl (PB+NaCl, lane 2) or phosphate buffer pH 6.0 (PB, lane 3) for 30
minutes. Cell lysates were extracted and subjected to immunoblgseséor prostasin

using a prostasin polyclonal antibody. The lower panel (marked with an asterisk)
containing proteins near the-Bba protein marker shows a longer exposure of thkrx

to show the levels of latent prostasin.
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prostasirHAI-1 complex Latent prostasin with a size close to thekB& protein
marker was clearly detected in HaCaT cells only after exposing the nitrocellulose
membrane to Xay film for a longer time Kigure 24, lane 1 in low panel).
Nevertheless, the conversion of passh zymogen to active prostasin and inactivation of
active prostasin by the formation of the-l5a HAI-1 complex, results in the levels of
latent prostasin being significantly decreased in parallel with the formation of -#i@e85
complex Figure 24, low panel, comparing lane 3 with lane 1). The reduction of
zymogen activation caused by the NakElg(re 24,lane 2 in low panel), results in latent
prostasin being detected at intermediate levéigufe 24, lower panel) consistent with
the partial supprision of the appearance of thel@3a complex Figure 24, lower and
upper panel). These data clearly demonstrate that prostasin undertjea$soa and
HAI-1 complex formationin keratinocytes in respoasto acid exposure and that
matriptase and prostasactivation are tightly coupled.

Matriptase has been shown to become active through an autoactivation pfhcess
and prostasin activation does not occur in the skin of matrigiefigient mice’.  This
suggests that matriptase may serve as an upstream activator ofiprostastest this
hypothesis we first generated three HaCaT clones in which the level of matriptase
expression had been suppressed to various degrees by transduction with lentiviruses
carrying matriptas¢argeting shRNAs, or netargeting controlsKigure2.5A, Total MTP,

49, 52, 53, and NT). The levels of HAland prostasin were not altered in these clones
when compared to the levels in the parental andtamet control cellsKigure 25A,
HAI-1 and Prostasin). For better detection of prostasin, ameoomally available

prostasin monoclonal antibody was used which only detects the protease after
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Figure 2.5 Prostasin activation is dependent on matriptase.

A. Generation of matriptase knockdown HaCaTscelHaCaT cells were infected with
lentiviruses bearing three different matriptéameting shRNAs and a ndargeting
shRNA. Stable clones were selected with puromycine and cell lysates were analyzed by
immunoblot for total matriptase (Total MTP), HAland prostasin. Total matriptase

and HAF1 were detected under nonreducing and nonboiled conditions. Prostasin was
detected under reduced and boiled conditions using a prostasin monoclonal antihody.
Prostasin activation is dependent on matriptas&@he matriptase knockdown clones (49

and 52) and the netarget control (NT) cells were either exposed to basal medium (Basal)
or phosphate buffer pH 6.0 (PB) for 30 min to induce activation of matriptase and
prostasin. Formation of the prostasiAl-1 compex, as an indication of prostasin

activation, was analyzed by immunoblot using HAMMAb M19.
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heatdenaturation of the sample prior to SBAGE, which results in dissociation of the
prostasirHAI-1 complex. When matriptase activation was induced iy egosure of
the cells, formation of the 8&Da prostasirtHAI-1 complex along with 128Da
matriptaseHAI-1 complex was clearly observed in the fiarget control cloneHgure
25B, NT, comparing lane 2 to lane 1); but was barely detectible in the taa#&ip
knockdown clones 49 and 5Bigure 25B, 49 and 52). These data clearly demonstrate
that prostasin activation depends on matriptase proteolytic action, providing key evidence
for a matriptaséo prostasin activationascade
2.4.5Matriptase and prostasimctivation kinetics in HaCaT cells

We further established the Al ockstepo re
prostasin activation by comparing their respective activation kinetics in response to acid
exposure. As rapidly as 3 to 4 minutes raftiarting acid exposure, matriptase began to
become activated, with the active enzyme being immediately inhibited by binding to
HAI-1 with the appearance of the 1RDa matriptaséHAl-1 complex detected by both
matriptase and HAL mAbs Figure 26, TotalMTP and HAF1l). Matriptase activation
reached a plateau after around1B)min of acid exposure as there was almost no latent
matriptase left at this poinfigure 26, Total MTP). The appearance of thek3a
prostasirHAI-1 complex followed similar kietics tothe appearance of thE20-kDa
matriptaseHAI-1 complex demonstrated using the HAMAb M19 figure 26, HAI-1).
The kinetics of prostasiklAl-1 complex formation can also be followed using the
prostasin polyclonal antibodyrigure 26, Prostasi). These kinetistudies demonstrate
that matriptase activation, prostasin activation, and inhibition of both proteases Hy HAI

occur at almost the same time in human keratinocytes. These data provide evidence that

62



Total MTP HAI-1 Prostasin

cC o0 1 2 3 4 51015 20 25 30 cC 01 2 3 4 5 10 15 20 25 30 cC 01 2 3 4 5 10 15 20 25 30
250-- 250--
250--
- L
130-- - -“m 130 130
o b bt 100-- L L L T e Ry p——
" opeaesw - s
-

55-- 55-- M 55--
35-- 35-- 35--
27-- 273 27—

Figure 2.6 Activation and HAI-1 binding kinetics of the matriptaseprostasin
proteolytic cascade.

HaCaT cells were treated with either basal medium (C) or phosphate buffer pH 6.0 and
harvested at indicated time points (minutes). Cell lysa®® prepared by lysis with
1% Triton X100 in PBS and followed by immunoblot analyses for total matriptase (Total

MTP), HAI-1, and prostasin.
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in spite of the extremely tight control by HAl the short period in which free active

matriptase is presént is able to activate its downstream substrate, prostasin.

2.5 Discussion

In the present study we investigate how a matriptaigated cell surface proteolytic
cascade is regulated throughout the course of epidermal differentiation. The proteolytic
cascade is constitutively activated from an early stage of epidermal differentiation and the
active enzymes generated are immediately inhibited by binding to-1HAIThe
constitutive activation of the system followed by the immediate -HAlediated
inhibition of both matriptase and prostasin suggests that the proteolytic cascade not only
plays an important role in epidermal differentiation but that its activity must also be under
tight control. Our data clearly demonstrate that matriptase is able to dastsubstrate
evenin the presence of very higlevels of HAF1l. The rapid inhibition of active
prostasin by HAIL further indicates that the tight regulation of the matripfasstasin
cascade lies not only at the level of the initiator protease matigiat also at the
secondary protease prostasiWith such a tightly regulated mechanism in which only
the firsttwo proteases of the cascadave an extremely limited opportunity to act on
their downstream substrates, it is reasonable to suppose tbguldtion of the cascade
at either one of the two proteases or at their cognate inhibitorlHAduld affect the
entire protease cascade, and in turn derail epidermal differentiation.

Although severamatriptasesubstrates have been identified basedhendeavage
preferences of the enzyme, prostasin is the first matriptase substrate for whose activation

can be demonstrated during the course of
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of rapid HAFl-mediated inhibition of active matriptase. Thendtional linkage
between matriptase and prostasin activation is consistent with the observation that
prostasin activation does not occur in the skin of matriptase deficienttfiiceThe very
similar epidermal defects that are observed in matrigtafieient and prostasideficient

mice, strongly suggest that prostasin may be the predominant substrate of matriptase in
this tissue functional context, and that the lack of prostasin activation may be responsible
for the majority of the defects associated with matriptase deletim spite of their close
relationship in skin biology, matriptase and prostasin may not function in tandem in other
epithelial cells, or at least their functional linkage in other epithelial cells is not as
straightforward as in keratinocytes. Duringet development ral progression of
squamous cellcarcinoma induced by initiation with 7, -IBmethylbenzanthracene
(DMBA) and promotion with phorbol tthyristate 13acetate (PMA), matriptase and
prostasin are eventually expressed in separate parts of rfwstt’®. In polarized
epithelial cells grown in moist environments, matriptase is targeted to basolateral plasma
membrane and prostasin, a Gflchored protein, is likely targeted to the apical plasma
membrane®®®.  While a GPJanchored protein might be targeted to the apical surface
after transiently moving to the basolateral plasma membrane, it is conceivable that the
different subcellular localizations of matriptase and prostasin in polarized epithelial cells
renders the ability of matriptase to activate prostasin less relevant. Different
mechanisms are likely employed by other epithelial cells to activate prostasin, if
matriptase is not the activator. Furthermore, the rapid inhibition of prostasin b{ HAI
also may not be a universal mechanisnfrostasin was initially isolated from the

seminal fluid as an active protease, but not in a-Habmplex*®”. The epidermis is a
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specialized epithelium designed to enceunthe terrestrial environment, and while
keratinocytes resemble other epithelial types, keratinocytes undergo progressive
remodeling of cell morphology and tissue structure during epidermal differentiation.
These cellular remodeling events may altergtiecellular distribution of matriptase and
prostasin and allow matriptase and prostasin to team up to form a relatively
keratinocyteselective cell surface protease cascade.

The epithelial sodium channel (ENaC), a membitamend ionchannel, is located in
the apical membrane of polarized epithelial c&ffs Both prostasin and matriptase have
been @monstrated to activate ENag@sulting in their alternative names as mouse
channelactivating protease (MCAP) 1 and mCAP 3, respecti¢€ly Since matriptase
is targeted to the basolateral membrane in polarized epithelial cells where it is activated

269 it is of interest to determine whether or

and immediately inhibited by HA1 binding
how matriptase could activate the apically localized ENaC. In contrast to matriptase,
prostasin is cdocalized with ENaC at the apical plasma membrane, and this
co-localization makes prostasa more likely candidate protease activator for ENaC in
polarized epithelial cells. In contrast to some-kemtinocyte epithelial cells in which
the inhibition of prostasin by HAL seems less effective, active prostasin in keratinocytes
much like ative matriptaseis a shodived species. It remains to be determined
whether prostasin is still an effective activator of ENaC in keratinoé{ftes

In conclusion, the matriptaggostasin proteolytic cascade, a relatively
keratinocyteselective, and tightly regulated cell surface proteolysis system, esteds

for epidermal differentiation. Both matriptase and prostasin zymogens and their cognate

inhibitor HAI-1 are likely celocalized and anchored at the cell membrane. In response
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to activation stimuli, such as acid exposure or signals of epiderrsaé tdifferentiation,

the matriptase zymogen undergoes autoactivation mediated via the forroétin
homodimer that generates active matriptase that in turn rapidly activates prostasin. Both
active matriptase and active prostasin likely also rapidly aetidownstream substrates
before HAF1 moves in and inhibits both proteases and suppresses the activity of the
proteolytic cascade. Although HAI contains two Kunitz domains, Kunitz domain 1 at

the Nterminus is likely responsible for the inhibitiof. We summarize these
molecular events associated with activation and inactivation of the protease cascade in
Figure 27. The unprecedentetight control of this cell surface proteolytic cascade
allows keratinocytes to undergo differentiation through a precisely programmed

mechaism.
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Figure 2.7 The model for the regulation of matriptaseprostasin proteolytic cascade.

Schematic model of the activation and inactivation of matriptase and prostasin is

presented Both madriptase and prostasin are synthesized as single chain zymogens and

anchored on cell membrane.

two zymogen molecules to generate active matriptase.

Matriptase undergoes autoactivation via the interaction of

Active matriptase subsequently

activates prostain and the downstream substrates.

Both active matriptase and active

prostasin are shaelived due to the rapid HAL-meidated inhibition.
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Chapter 3 i Antithrombin regulates matriptase-mediated keratinocyte
pericellular proteolysis involved in plasminogn activation, syndecan

shedding, and activation of hepatocyte growth factor
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3.1 Abstract

Matriptase, a tightly regulated membraasociated serine protease, plays an

essential role in epidermal barrier function through converting the zymogen of the

GPFanchored serine protease prostasin into an active protease. The

matriptaseprostasin proteolytic cascade is tightly regulated by the memimauned

serine protease inhtbr HAI-1 so thatmatriptase autoactivation and prostasin activation

by active matrise essentially occur at the same time and are immediately followed by

HAI-1 inhibition. Here we report that proportion of active matriptase can escape from

HAI-1 inhibition by rapidly shedding from the cell surface. In the pericellular

environment, tb shed active matriptase is able to activate hepatocyte growth factor

(pro-HGF), accelerate plasminogen activation, and shed syndecan 1. The levels of shed

active matriptase are inversely correlated with the levels of antithrombin bound to the

surface ofkeratinocytes. The binding of antithrombin to the surface of keratinocytes

requires the serpin inhibitor with functional heparin binding site -135 and

N-glycosylation site Ast135 unocupied. This suggests tHagtaantithrombin, but not

the alpha aintihrombin, is responsible for the regulation of pericellular matriptase activity

in keratinocytes. While breast and prostate epithelial cells also adapt antithrombin to

control matriptase activity, antithrombin might be a negligible matriptase inhilmitor i
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both cells. In contrast, in keratinocytes antithrombin could inhibit matriptase as much
as 30% of active matriptase inhibited by HAI Taken together, keratinocytes employ
two different serine protease inhibitors to control two different sets of ptedd
substrate activation and processing: 1) HAlfor activation of prostasin and 2)
antithrombin for the pericellular proteolysis involved in HGF activation, accelerating

plasminogen activation, and shedding of syndecans.

3.2 Introduction

Epidermal diffeentiation is a carefully orchestrated process that leads to formation
of the critical protective barrier provided by the skin. The process of generating a
functional epidermal layer requires progressive remodeling of cell morphology and tissue
structure,and involves significanpericellular proteolysis that must be activated and
inactivated in a precisely controlled manner. Proteases are key regulatory molecules
which activate growth factors, enzymes, membrane receptors and ion channels and also
procesenzyme cefactors, ECM components, structure proteins, and adhesion molecules
109110 The importance of proteolysis in epidermal differentiation is emphasized by the

many skin disorders that are caused byydsfin proteolysis. The proteases implicated

in these disorders include lysosomal proteases, cathepsins C, D aHdy. two
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membraneassociated serine proteases, matriptase and prostasinand caspasg4 *®
119 In addition to proteases, protease inhibitors clearly also function in skin disorders.
These proteins are essential controllers that limit proteetsaty in both space and time.
These include the serine protease inhibitors, lymphoepithelial #gratelated
inhibitors (LEKTI) *?® and hepatocyte growth factor activator inhibitor (H41*** and
the lysosomal cysteine protease inhibitor, cystatin M7E2°

Among these proteases and protease inhibitors involved in skin functions, matriptase,
prostasin, and HAL are functionally linked and form a tightly controlled protease
network. Matriptase, a type Il transmembrane serine protease (TTSP), functions as an
initiator protease that undergoes autoactivation to convert matriptase zymogen to active
matriptase. Adte matriptase, in  turn, activates prostasin, a
glycosylphosphatidylinosito{GPl}anchored serine protease. The functional linkage
between the two cell surface serine proteassshleen manifested by readgntical skin
defects in mice with targeted @gibn of both proteases and the lack of active prostasin in
the skin of matriptase knockout mice. The functional linkage is also corrobamnated
cultured human keratinocytes in which loss of prostasin activation is the consequence of

the knockdown of maipitase expression®®. A remarkable feature of the regulatioh

the serine protease cascade is that both matriptase and prostasin are under extremely tight
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control by HAI-1. HAI-1, an integral membrane, Kunitgpe serine protease, is
co-expressed and docalized with matriptase with an unusual HEmatriptase mtein
ratio of more than 1@ in mostepithelial and carcinoma ceff8’. In addition, HAF1 is
required for proper matriptase synthesis and intracellular trafficking out of the
endoplasmic reticulun?®. Furthermore, HAIL appears to participate in matriptase
autoactivation. As a consequence, active matriptase is inhibited byt ldélrapidly as
the active matriptase is generated, as if both matriptase activation and inhibition take
place at theametime. Remarkably, with suchshort life span, active matriptase is still
able to activate prostasii®. The unusually tight linkage of the three key players of the
protease network is consistent with the similar epidermal defects observed in their
respective knockout miamodels™> 116 124

In addition to prostasin, matriptage also involvedin activation of uPA and
hepatocyte growth factor (HGR}* 2°®® HGF activation by matriptase and subsequent
induction ofthe cMET pathway is likely the mechanism involved in the development of
spontaneous squamous cell carcinomas in matriptase transgenf¢ 'micehe activation
of uPA by matriptase in monocytes significantly reduces the time reqtorethe
initiation of the reciprocal zymogen activation between uPA zymogen and plasminogen

182 In contrast to prostasin that is-erpressed and docalized with matriptase on the
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plasma membrane of keratoydes, both uPA and HGF are secretaither by

keratinocytes or by stromal cells. Despite the growing evidence for the role of

matriptase in the activation of these substrates, given that the cellular active matriptase

has as extremely short life spanhé search for active matriptase with prolonged life

would provide cellular evidence for the role of matriptase in the activation of these

extracellular substrates. In the current study, we demonstrated that atipropér

active matriptase escapesom HAI-1 inhibition by rapidly shedding intothe

extracellular milieu in the process of matriptase activation. The secreted active

matriptase is able to activate HGF and accelerate plasminogen activation in the

pericellular milieu. More importantly, we fimér discovered that the levels of shed

active matriptase are inversely regulated by the levels of memboamal antithrombin

via hepaan sulfate proteoglycans (HSPGs). Interestingly, HSPG syndecan 1 can be

shed by active matriptase from the surface efakinocytes. Our studies reveal that

keratinocytes adopt two distinct inhibitory mechanisms to control the two different sets of

matriptase functions in keratinocytes: 1) the integral membraneitatype inhibitor

HAI-1 for prostasin activation and 8)e HSPGbound serpifstype inhibitor antithrombin

for the activationof uPA, HGF and the shedding of HSPG. Since uPA, HGF, and

HSPGs have been implicated in a variety of keratinocyte regulation and function, the
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tightly controlled matriptase activities avidifferent protease inhibitors, subcellular
localization, and life span of active matriptase couldvalthe activation and processing

of these matriptase substrates in a controllable manner.

3.3 Materials and Methods
3.3.1Reagent

Horseradish peroxidase RP)-conjugated secondary antibodies were purchased
from Kirkegaard & Perry Laboratories (Gaithersburg, MD), Western Lightning
Chemiluminescence Reagent Plus was purchased from PerkinElmer Life Sciences
(Waltham, MA). Nitrocellulose membrane was purchased fiRah Corp. (Pensacola,
FL), Boc-GIn-Ala-Arg-AMC was purchased from Enzo Life Sciences (Farmingdale, NY)
and BoeVal-Leu-Lys-AMC was obtained from Bachem Americas, Inc. (Torrance, CA).
Dithiothreitol (DTT) was purchased from Sigmddrich (St. Louis, MD). Protoblue
was purchased from National Diagnostics (Atlanta, GE). Dulbeccds
phosphatéuffered saline (DPBS) was obtained from Mediatech INan@ssas, VA
HGF was prepared as described previotSly

3.3.2Antibodies
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Three types of antibodies were used to detect matriptase. The mouse monoclonal
antibody (mAb) M24 and rat mAb 24 recognize both latent and activated forms of
matriptase > 0% 77 18 raphit polydonal antibody matriptasesT14 (Bethyl,
Montgomery, TX)recognizes an epitope present in the serine protease domain of
matriptase and is, therefore, able to detect the matriptase/serpin complex after reducing
and boiled the samples. Another mAb M69 recogm an epitope only present on
activated matriptase and is able to distinguish activated matriptase from latent matriptase
174,182 HAI-1 was detected using the HAImAb M19%°°.  Hepatocyte growth faato
(HGF) protein was detected using a goat polyclonal antil§dyta Cruz, Santa Cruz,

CA) that recognizes the beta subunit of HGF. Antithrombin was detected using a goat
polyclonal antibody (R&D, antserpin Cl Minneapolis, MN. Syndecafl was
determined by a goat polyclonal antibd@®&D, Minneapolis, MN.

3.3.3Cell cultures

HaCaT cells were maintained Dulbeccds Modified Eagle Medium GIMEM)
supplemented with 10% fetal bovine serum (FBS, -ivedtivated), 100 nits/ml
penicillin, and 100 ng/ml streptomycin. 184 A1N4 cells were maintained in

DMEM/F12 with 0.5% FBS, 100 units/ml penicillin, and 10@/ml streptomycin.

RWPE1 cells were maintained in RPMI 1640 with 10% FBS, 100 unifs#nitillin, and
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100 ng/ml streptomycin. Human primary keratinocytes were maintained in
keratinocyteSFM (Invitrogen) supplemented with bovine pituitary extract320rg/ml),
recombinant epidermal growth factor (rEGF,-0.2 ng/ml),100 units/ml penicillin, and
100ng/ml streptomycin.
3.3.4Acid-induced matriptae activation

HaCaT cells were washed wittDPBS and incubated iDPBS, as control, or
phosphate buffe(PB), pH 6.0 for 30 minuteat room temperature (RT), as described

previously*®®

. Conditioned buffers were concentrated up to 100 foldsnfonunoblotor
matriptase activity assay.Cell were harvested and lyzed 1f6 Triton X100 in DPBS
and subjected to immunoblot analyses. The lysis buffer also contains
5,5 dithiobis-(2-nitrobenzoic acid(DTNB) to prevent the cleavage of a disulfide bond
that links the serine protease domain and theaadalytic domain of maiptase.
3.3.5Purification of active matriptase

Acid-induced matriptase activation was performed using HaCaT cells and the
conditioned buffers were collected and concentrated. THdé@a0active matriptase was

purified from the conditioned buffers by immunoddjge to remove the

matriptase/HAIL complex using immobilized HAL mAb M19 and immunoaffinity
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chromatography using immobilized matriptase mAb M6%he concentration of active
matriptase was determined by active site titration as previously desttibed
3.3.6Protease activity assay

The activity of matriptase or plasmin was meadurby the level d
7-Amino-4-methylcoumarin(AMC) released by the proteasd%or matriptase activity,
the conditioned buffar were concentrated up to 100 folds using Amicon UHra
centrifugal filter units(Millipore, Billerica, MA). Five microliters of theconcentrated
samples were used to measure matriptase activity WBowGIn-Ala-Arg-AMC as
substrate. For plasmin activity, “@ell primary keratinocytes were seeded invesl|
plate. Thenext day, the cells were incubated with PBS, as control, or @Bfer for
matriptase activation followed kyeutralizing by 2M Trizma base to pH 7.5 aamting
50 nM plasminogen into cells. The activities of plasmin were measured using
Boc-Val-Leu-Lys-AMC as substrate. The released fluorescence resulting from
hydrolysis of the peptide substrates was measured using a fluorescent spectrophotometer
(Bechman, DTX 880) with excitation at 360 nm and emission at 480 nkor gelatin
zymography, protein samples were incubated wKhSDS sample buffer containing no
reduchg agent and incubated aRT. The proteins were resolved in

SDSpolyacrylamide gel electrophoregiSDS PAGE) using a 7.5% polyacrylamide gel
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containing 1 mg/ml gelatin. The gelatin gels were washed with PBS containing 2.5%
Triton X-100 to remove SDS andcubated in Tris buffer pH 8.0 at 87 overnight.
The gels were stained IB®rotoBlue
3.3.7Activation of prcHGF

Five microgramsof proHGF were mixed with different amowntof active
matriptase @-400 pM) with or without HaCaT cells followed by incubatiag) 3 for
30 min. The samples wergubjected to immunobl@nalyses.
3.3.8Immunoblot

The protein extracts were mixed with 5X SDS loading buffer in the absence or
presence of reducing agents and incubated eitheif air at 9% for 5 min. Protein
samples wex resolved by7.5% SDSPAGE and transferred to nitrocelluloseembranes
The membranes wer@robed with thedesired antibodies and a HRP conjugated
secondary antibody followed by signal detection with Western Lightning
Chemiluminescence Reagent Plus
3.3.9Antithrombin binding assay

HaCaT cells were incubated in basal medium for 30 min ip i@€&bator and then

followed by addition of the three antithrombin preparations at 230 nM for another 5 min
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in incubator. The cells were lysed and the levels of antitbho were assessed by
immunoblot
3.3.10Purification and identificationof 110-kDa matriptase complexes

The 110kDa matriptase complexes were generated along with the activation of
matriptase byHaCaT cellsby treaing the cellswith phosphate buffepH 6.0for 30 min
at RT. The conditioned buffers were collected and concentrated. IlikDa
matriptase comples were purified by sizing column using HPL(Beckman) with a
Biosuite 250 sizing column at a flow rate of 2 ml/mimmunodepletion to remove the
matriptase/HA}1 complex using immobilized HAL mAb M19, and immunoaffinity
chromatography using immobilized matriptase mAb-9210 capture the 11kDa
matriptase complex. Both immunodepletion and immunopurification were previously

described™®® 261

The 116kDa complexes and other bound proteins were eluted from
the mAb 219 immunoaffinity column by @ M glycine buffer, pH 2.4 and imnaéately
neutralized by 2 M Trima base. The eluate was resolved by SEFAGE and he
protein bands were stained with Protoblue The two protein bands around XkDa
weresliced out,in-gel digested with trypsin and analyzed by liquid chromatography/mass

spectrometry (LS/MS) using service provided by Prottech Inc. (Norristown, PA

3.3.11Syndecanl shedding
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HaCaT cells were washed with DPBS and incubated with increasing amount of
active matriptase in basal medium in £@cubator for 30 min. After incubation, the
conditioned media were collected and analyzed for the amount of syrtieteading

using dot blot assay.

3.4 Results
3.4.1Active matriptase is either rapidly inhited by HAF1 or shed from cell
surface of human keratinocytes

In our previous study with a mie scale kinetic analysis right after the induction of
matriptase zymogen teation, an unusual tight control of the matriptasestasin
proteolytic cascade features the simultaneous activation of matriptase and prostasin,
followed by the immediate inhibition of both active matriptase and active prostasin by
HAI-1. As shown inFigure 31A, the extrackular acidosis converted the -kDa
matriptase zymogen into the 1RDa (activated) matriptagddAl-1 complex Acid,
comparing lane 1 with lane 2). Using HAIMAD, in addition to the matriptas¢Al-1
complex, prostasiAl-1 compkx with a size close to the 1B®a marker also
appeared along with matriptase activatioRiggre 31A, Acid, lane 4). The

simultaneous activation of matriptase and prostasin can also be induced by treating
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Figure 3.1 Shedding of active matriptase by hman keratinocyte.

A. Human keratinocyte HaCaT cells were either incubated with PBS &gasrol or a

pH 6.0 buffer (Acid, A) or CoGlin basal medium (CoglA) to induce activation of

matriptase. Cell lysates were analyzed by immunoblot for meeddTP) or HAL

(HAI-1). B. HaCaT cells were incubated with a pH 6.0 butfeinduce matriptase

activation. The cells and theonditioned buffertogether (Combined), the cells alone
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(Cellular) and theconditioned bufferalone (Shed) were analyzed fmatriptase activity

using a matriptase synthetic fluorescent substrate;@o&la-Arg-AMC. Data are

representative of four independent experiments done under similar condit@©nhe

conditioned bufferwas subjected to immunoprecipitation with antigated matriptase

mAb M69. The loading control (Loading), the unbound fraction (Unbound), and the

eluent (Elution) were assayed for matriptase activity using the substrate,

Boc-GIn-Ala-Arg-AMC. Data are representative of three independent experimems d

under similar conditions. D. HaCaT cells were incubated withPBS as control or a

pH 6.0 buffer to induce matriptase activation. Tbaditioned buffer wasollected and

subjected to gelatin zymography.
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HaCaT human keratinocytes with cobalt chleriFigure 31A, CoChk) and human

primary keratinocytes with plasminogen (Chapter 5). These data suggest that the tightly

coupled zymogen activation and the inhibition of active protease OmMmMon

phenomenon for the matriptapeostasinHAI-1 proteolysisnetwork regardless of the

extracellular stimuli for the induction of matriptase activation.

Despite the rapid inhibition by HAL, strong proteolytic activity, assessed by the

cleavage of Bo&lIn-Ala-Arg-AMC, a commonly used synthetic matriptase substra

was also generated along with matriptase autoactivattdgure 31B, Combined).

Interestingly, this proteolytic activity was present only in the conditioned buffer but not

associated with the cells as almost all the proteolytic activity was detectbd shed

fraction Figure 31B, Shed) and almost no activity was detected in the celipute 31B,

Cellular). Immunodepletion of the shed fractions using matriptase mAbs removed the

proteolytic activity that couldhenbe recovered from the immobikl matriptase mADb,

confirming the proteolytic activity being derived from the active matriptaggife 31C).

The generation of active matriptase was further confirmed by gelatin zymogFfighse(

3.1D). Strong gelatinolytic activity with the expectedesiof 70kDa, active matriptase,

was seen in the conditioned buffer along with the induction of matriptase activation but

not in the noractivation control. The activated matriptase with two different fates was
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also seen in the plasminogemuced matrise activation in primary human
keratinocytes (Chapter 5). Much weaker matriptase activity was detected in the
conditioned media for the Co&direated cells due to the fact that activation of matriptase
induced by CoGlwas at much lower levels comparedhepH 6.0 buffer.
3.4.2The pericellular active matriptase can activate pilGF and accelerate
plasminogen activation

Since the activation and the inhibition of matriptasestasin cascade by HAlhas
been well documented®, we have focused on the functional and regulational aspects of
the shed active matriptase ihet wrrent study. First, wenvestigated whether the
secreted active matriptase could activate and process substrates in the pericellular
environments. We are particularly interested in whether-HAIn the cell surface
would affect the activity of acter matriptase. Incubatiowith increasing amountat
0-400 pMof active matriptasaith pro-HGF in test tube resulted in rapid conversion of
singlechain preHGF into twachain active HGF in a dose dependent marfiragure
3.2A, left panel) Similar effets were also observed with priGF activation by active
matriptase when both active matriptase and-H@F~ were incubated with HaCaT
keratinocytegFigure 32A, right panel) These data suggest that despite the abundance

of HAI-1 on the cell surface, atave matriptase is able to activate fi&GF with similar
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Figure 3.2 Activation of pro-HGF and acceleration of plasminogen activation by
active matriptase shed from human keratinocytes.

A. ProHGF was incubated with increasing amourd$ active matriptase, as indicated,
either with or without HaCaT cells at 3T for 30 min. Samples were analyzed by
immunoblot for HGF cleavage using an antibody directed against the beta subunit of
HGF. B. Primary human keratinocytes were incubated \RBBS (No Activation) or a

pH 6.0 buffer (Activation) to induce activation of matriptagtter which the buffer on

the cells was adjustedo pH 7.5. PLG(50 nM) was then added to the cells and the
generation of plasmin was monitored by the cleavageptsmin synthetic fluorescent
substrate, Bodal-Leu-Lys-AMC. Data are representative of three independent
experiments done under similar conditions. Primary human keratinocytes were
incubated with a pH 6.0 buffer to induce matriptase activatiorgviedl bybufferingto

pH 7.5. PLG(50 nM) was then added to the cells in the presence of the shed fractions
(combined) or in the absence of the shed fractions (Cellular) or the shed fraction alone
(Shed). Generation of plasmin was monitored by the -cleavagf
Boc-Val-Leuw-Lys-AMC. Data are representative of four independent experiments done

under similar conditions.
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potency compared to tha¢enin the absence of HAL.

We have further tested whether active matriptase can enhance plasminogen

activation since matriptase has been recognized as a potent activator-wfoghoase

plasminogen activator (pnoPA). Since HaCaT cells appear to express high levels of

active plasminogen activator(s), we used primary human keratesodpr this

experiment.  RIsminogen activation commonly features a lag phase followed by a

burstofpl asmi n generati on, a phenomenon known

The trace plasmin in the plasminogen preparation slowly initiatesphoactivation and

the newly genexted active uPA, in turn, activates plasminogen. Through these

reciprocal activations between the two proteases, plasmin is explosively generated

beyond the lag phase, a period of time required for the accumulation of sufficient uPA

and plasmin for the bat of plasmin production. In order to test whether active

matriptase in the pericellular environment could affect plasminogen activatatnptase

activation was induced by pH 6.0 buffer followed by neutralizing to pH 7.5 and adding

plasminogen to therimary human keratinocytes. The production of plasmin was

recorded by the cleavage of the standard synthetic fluorescent substrate of plasmin,

Boc-Val-Leuw-Lys-AMC, and the rate of plasmin production was presented as liberated

fluoresce per min.  As showin Figure 32B, it required almost 40 min for the
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activation of plasminogen to begin to take off in the absence of active matripiguses (
3.2B, No Activation. In contrast, in the presence of active matriptase, the lag phase
was shortened by about &%nutes Figure 32B, Activation).

The matriptaseccelerated plasminogen activation appears to require the
pericellular environment. While the combination of the cells and shed active matriptase
caused robust plasminogen activatibig(re 32C, Combined), neither the shed fractions
alone Figure 32C, Shed) nor the cells aloneFigure 32C, Cellular) accelerate
plasminogen activation. These data suggest that the shed active matriptase can return
back to the cell surface to activate plasminogen aotivand accelerate the reciprocal
zymogen activation. Furthermore, the plasminogen actiwa#sr notactivated in the
process of aciihduced matriptase activation, a situation different from prostasin
which it can be activated simultaneously duricglancubation
3.4.3ldentification of antithrombin as a significant inhibitor of matriptase in
human keratinocytes

In analogy with the cellular activated matriptase that is under control bylHAg
shed active matriptase is also under control agerine protease inhibitor. The
regulation of shed active matriptase was initially noticed by the presence ofkd410

matriptase complex in the conditioned buffiéigure 33A, HaCaT, arrow
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Figure 3.3 Identification of antithromb in as a component of the novel 1tkDa
matriptase complex.

A. Human keratinocytes (HaCaT), mammary (184 A1N4) and prostate (RWPE1)
epithelial cells were incubated wigdpH 6.0 bufferto inducematriptase activation. The
conditioned buffers (S) were comteated and total cell lysates (T) wesiealyzedby
immunoblot for total matriptase. Arromdicated 110kDa matriptase complex.B.
HaCaT cells were incubated witpH 6.0 buffer and the cell lysates and the conditioned
buffers were collected at indieat time points (minutes). Samples were subjected to

immunoblot analyses for total matriptaseC. Left panel: Partial purified 11RDa
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matriptase complex was analyzed by SPSGE under nonreducing and boiled

conditions (NR, B). The protein bands wereuaiized by staining with ProtoBlue.

The boiling treatment decreased the migration rate of the&kla0matriptase complex on

SDSPAGE to near the 13kWDa marker. The protein bands indicatecaandb were

subjected to proteomic protein identification Mp/MS (see Figur® for sequence data).

Middle and right panels: HaCaT cells were incubated Wwitmanserum followed bya

pH 6.0 buffer for matriptase activation. Cell lysates tretoncentratedhed fractions

were subjected to immunoblot analyses fmtal matriptase (Total MTP) and

antithrombin (AT).
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Interestingly, keratinocytes shed the KIBa matriptase species at relatively much higher
levels compared to mammary (184 A1N4) and prostate (RWPEL) epithelial céllse
shedding of the 11RDa gecies apparently closely follows the kinetics of activation of
matriptase: Matriptase activation begins at the two min post induction of actjvasion
the matriptasélAl-1 complex began to appeand reaches a plateau 10 min later
(Figure 33B, Cell lysate); the shedding of the kDa species begins at 6 min and
accumulates to high leveter few minutes after the completion of matriptase activation
(Figure 33B, Shedding). The 1}8Da matriptase complex is likely to be a
matriptaseserpin complex dudo its resistance to heat treatment. In addition, their
dissociation by reducing agents into a fragment of matriptase serine protease domain
covalently bound to the binding proteiRigure 34), as we have shown in the previous
studies*®* also confirms compleformation

To identify the putative serpin inhibitor that binds to matriptase to form thd&DR&0
complex in keratinocytes, the complex was isolated using a combination of a sizing
column using HPLCimmunodepletion to remove the matriptd$&l-1 complex using
immobilized HAFL mAb M19 and immunoaffinity chromatography using immobilized
matriptase mAb 2B. Following these procedures, the purified proteins were resolved

by SDSPAGE under nommeducingand boiled conditions. Several protein bands were
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Figure 3.4 The Kkeratinocyteselected 11€&kDa matriptase complex is a
protease/serpin complex.

A. HaCaT cells were treated with pH 6.0 buffer and the conditioned buffers were

collected and concentrated. Samples were analyzed by immunoblot under either

nonreducing and nonboiled conditions (NRNB), or nonreducing and boiled conditions

(NR, B), or reduced and boiled conditions (R, B). The membranes were probed with

total matriptase (TotaMTP) or a commercial polyclonal antibod$T14, which

recognizes the serine protease domain of matriptase and can be used to detect

matriptase/serpin complexes. B. A schematic model to show the fate of

matriptaseserpin complexes after boil or reduce slaeple. The shed matriptaserpin
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complex remains intact after boiling due to the fact that the protease forms a covalent

linkage with the serpin hence resistant to the heat treatment. This covalent linkage

cannot be dissociated by incubating the mpedseserpin complexes with reducing

agents. However, the disulfide bond that links the serine protease domain and

noncatalytic domain of activated matriptase is dissociated by the incubation with

reducing agents.
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obtained and two protein bands ardurBGkDa protein marker were suspected to be the

matriptase complexHgure 33C, left panel a and b). In-gel trypsin digestion and

MS-based protein identification of the two protein bands revealed that these two protein

bands indeed make up matriptaas, expected, and the serpin inhibitor antithrombin.

The sequence information can be found in Eigure 35. In order to validate this

identification, HaCaT cells were incubated with human serum instead of fetal bovine

serum followed by inducing matrgge activation with mildly acidic buffer.

Immunoblot analysis of the cell lysate and the conditioned buffer using matriptase mAb

(Figure 33C, middle panel, Total MTP) and an antithrombin antibédgure 33C, right

panel, AT) demonstrated that the MDa species was recogized by both antibodies.

These data confirmed that the IHDa matriptase complex in the conditioned buffer

indeed contained antithrombin Figure 33C, lanes 2). Interestingly, a

matriptaseantithrombin complex was also detected atyMew level in the cell lysate

(Figure 33C, lanes 1), suggesting thtdte vast majority of matriptasantithrombin

complex have been rapidly shed from the cell surface upon the complex formation.
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a b.

Matriptase Matriptase

414-SQFVVTSNSNK-424 414-SQFVVTSNSNK-424
400-DYVEINGEK-408 400-DYVEINGEK-408
847-DWIKENTGV-855 847-DWIKENTGV-855
228-FTTPGFPDSPYPAHAR-243 228-FTTPGFPDSPYPAHAR-243
250-GDADSVLSLTFR-261 250-GDADSVLSLTFR-261
190-SFVVTSVVAFPTDSK-204 190-SFVVTSVWVAFPTDSK-204
323-RHPGFEATFFQLPR-336 323-RHPGFEATFFQLPR-336
324-HPGFEATFFQLPR-336 324-HPGFEATFFQLPR-336
666-YSDPTQWTAFLGLHDQSQR-684 666-YSDPTQWTAFLGLHDQSQR-684
744-AIWVTGWGHTQYGGTGALILQK-765 744-AIWVTGWGHTQYGGTGALILQK-765
Antithrombin Antithrombin
62-KATEGQGSEQKIPGATNR-79 62-KATEGQGSEQKIPGATNR-79
63-ATEGQGSEQKIPGATNR-79 63-ATEGQGSEQKIPGATNR-79
87-ANSHFATAFYQHLADSK-103 87-ANSHFATAFYQHLADSK-103
104-NNNDNIFLSPLSISTAFAMTK-124 104-NNNDNIFLSPLSISTAFAMTK-124
148-TSDQIHFFFAK-158 148-TSDQIHFFFAK-158
203-LQPLDFK-209 203-LQPLDFK-209
295-RVAESTQVLELPFK-308 203-LQPLDFKGNAEQSR-216
295-RVAESTQVLELPFKGDDITMVLILPK-320 295-RVAESTQVLELPFK-308
296-VAESTQVLELPFK-308 295-RVAESTQVLELPFKGDDITMVLILPK-320
296-VAESTQVLELPFKGDDITMVLILPK-320 296-VAESTQVLELPFK-308
309-GDDITMVLILPK-320 296-VAESTQVLELPFKGDDITMVLILPK-320
356-FRIEDSFSVK-365 309-GDDITMVLILPK-320
366-EQLQDMGLEDLFSPEK-381 356-FRIEDSFSVK-365
382-SRLPGIVAEGR-392 366-EQLQDMGLEDLFSPEK-381
393-SDLYVSDAFHK-402 382-SRLPGIVAEGR-392
404-AFLEVNEEGSEAAASTVISIAGR-426 393-SDLYVSDAFHK-402
437-ANRPFLVLIR-446 404-AFLEVNEEGSEAAASTVISIAGR-426
447-EVALNTIIFMGR-458 427-SLNSDRVTFK-436

437-ANRPFLVLIR-446
447-EVALNTIIFMGR-458

Figure 3.5 Identification of antithr ombin as a component of the novel 11ikDa
matriptase complex.

The protein bands indicated layand b in Figure 3C, left panel, were subjected to
proteomic protein identification by MS/MS. Among the tryptic peptides obtained from
protein banda, 10 peptide matched to matriptase and 18 peptides matched to
antithrombin. Ten peptides obtained frdamatched to matriptase and 20 matched to
antithrombin. These amino acid sequences were presented using a single letter with the

sequence numbers at the beginsiagd the ends of each peptide.
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3.4.4Binidng of antithrombin to the surface of keratinocytes depends on its
heparin binding affinity and affects the levels of active protease shed into
extracellular milieu

In order to effectively inactivate matriptase, amimbin must bind to the surface of
kerationcytes likely through cell surface heparan sulfate proteoglycans (HSPGs), such as
syndecans. The binding of antithrombin to heparin or heparan sulfate is mediated by a
two-step mechanism in which the L§25 resilue of antithrombinprovides the initial
binding to thecharateristic pentasaccharide in heparin. The initial binding is further
strengthened by ensuing conformational changes in antithrominrecombinant
antithrombin bearing a point mutation at thiial heparin binding residue Ly&25 was,
therefore, used to investigate the role of heaprin binding site in the binding of
antithrombin to the suface of keratinocytes and keratinocytes appear not to retain this
antithombin mutant Figure 36A, lane 1 K125M). In addition, human serum contains
two antithrombinspeciesa n -antithrombin (more than 90%hich is a major fornwith
oligosaccharide side chamccupying all four glycosylation sitesnd the minor form,
p-antithranbin (510%) with an unoccupd Asnrl135 residue Exposing human
keratinocytes tdhe antithrombinpool purified from human serum, resulted d¢ellular

retention of somantithrombin Figure 36A, lane 2 Serum Al). S i -antitterombin
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Figure 3.6 The shedding of active matriptase is inversely correlated with the levels of

membrane-bound antithrombin.

A. HaCaT cells werincubatedwith basal medium at 87 for 30 min, in order to reduce

the level of antithrombin from fetal bovine serum, followed by incubation with different

antithrombin variants at 87 for 5 min. Cell lysates werextacted and subjected to

immunoblot analyses for antithrombin (AT)B. Bovine antithrombin was removed from

HaCaT cells by incubation cells with basal medium &t 3@r 30 min. Cells were then

replenished withthree different antithrombinpreparationsas indicated followed by

induction of matriptase activation usiagoH 6.0 buffer. Cell lysates (Cell lysate) and

the conditioned buffers (Shedding) were subjected to immunoblot analyses for total

matriptase (Total MTP) and antithrombin (AT)C. Matriptase activity was assayéar

the shed fractions associated with matriptase activation from the cells pretreated with the

three antithrombin preparations, as indicateging the matriptase fluorescent substrate,

Boc-GIn-Ala-Arg-AMC. Data was done in tridate and is a representative example of
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three independent experiments.
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exhibits str onge r-anttheomlainrthe mindr antitdormipig in selua n
may represent thgpeciesdound to the cells. This hypothesis was supported by the fact
thatantithrombin Asnl35 mutant exhibits stromgtentionto keratinocytesKigure 36A,

lane 3 N135Q. Taken together, these data suggest that the heparin binding affinity of
antithrombin plays an important role in retentiononthecell surface.

In contrast to HAFL which is ceexpressed and docalized with matriptase atn
excess molar ratio, antithrombin must bind to the cell surface for an effective inhibition
of matriptase. In addition to the proximality, the binding to HSPGs also significantly
increasd the rate constant for antithrombin to inhibit matriptase. This notion suggests
that the levels of antithrombin bound to cell surface might be a determinant for the levels
of active matriptase shed intioe extracellular millieu. Thedifferent birding affinity to
the keratinocyte cell surface betweenand b-antithrombin enabled us to evaluate the
impact of antithrombin on the pericellular matriptase activity. This is panigula
relevant for keratinocytes in which antithrombin plays a much more significant role in
controling matriptaseas compare to other breast and prostatepithelial cells Figure
3.3A). To test this hypothesikeratinocytes were first exposedttee same amounts of
1) antithrombin K125M mutant, 2) antithrombin purified from human serum which

contains predominantlyJ-antithronbin and 3) antithombin N135Q mutant, the
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pb-antithrombinequivalent. After washing away the excessive unbound antithrombins,
the cells were exposed to a @D buffer to induce matriptase activation. Both cell
lysates and shed fractions were analyzedntrpunblot for matriptase and antithrmbin
(Figure 36B). Matriptase proteolytic activity in the shed fractions was also analysed
(Figure 36C). Matriptase actiteon and formation of 128Da matriptaséHAl-1
complex were not affected by the different llsvef antithrombin bound to the cells
(Figure 36B, left panel, lanes 1, 2 and 3). The levels of matripgaséhrombin
complex in both cell lysates and the shed fractions were correlated with the levels of
antithrombin bound to the cells. More impottgnthe levels of shed active matriptase
were inversely correlated with the levels of antithrombin bound to the Ealisré 36C).
These data suggest that antithrombin through binding to the cell surface can regulate the
levels of shed active matrifsa.
3.4.5Extracellular active matriptase can shed syndeean

Given that cell surface HSPGs could serve as the binding sites for antithrombin, the
rapid inhibition of active matriptase by antithrombin suggests that matriptigatiaa
might take placein close proximity to HSPGs. While TIMP3-sensitive
metalloprotease such as MMPF7, play a major role in ¢éodomain shedding of

syndecans 1 and 4, the previous studies also showed that syndecans 1 and 4 can be shed
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by trypsinlike serine proteasgsuchas plasmin. Given that matriptase exhibits potent

trypsinlike activity anddue toclose proximity to the cell surface HSPGs, we have

hypothesizedhat matriptase might be able to shed syndecans.test ths, we added

purified active matriptase back touman keratinocytes and exandnéhe level of

syndecarl shed in the conditioned media. As showfkigure 37, increasingamouns

of syndecari wereshed into the conditioned medn along with thencreasng levels of

active matriptasedded to the cedl It is worthwhile to note that matriptase is a much

more potent and robust protease to shed syndecan 1 compared to the other serine

proteasesnd metalloproteassuch as plasmiand MMR7 based on the concentrations

used { nM versus50.24nM for plasmin and 50 nM for MMH) and the incubation time

(30 min versud 6h for plasmin and 30 min for MMP) 274 27>

3.5Discussion

Previous studies have revealed that matriptase activity is inhibjtéadddifferent

types of serine protease inhibitors: the membiamend, Kunitz type serine proteases,

HAI-1 and the secreted, serpin type inhibitor, antithrombin. Inhibition of matriptase by

HAI-1 and antithrombin is a physiological event as both masgiAl-1 and

matriptaseantithrombin complexes were initially purified and identified from human
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Figure 3.7 Syndecanl can be robustly shed by active matriptase.

HaCaT cellswere incubated with increasiragtive matriptaseas indicagéd, at 3% for

30 min. The conditioned media were collected and subjected to doarabtsis for

syndecari.

103



milk. It has been a mystetyow matriptaseexpressing cells adapt antithrombin as a
physiologicalinhibitor against matriptase wheronsidenng the fact that most of these
cells express HAL at excessive ratio to matriptase. In the current studies, our results
indicate that the two distinct matriptase inhibitors are apparently involved in the
regulation of two different types of substrate qassing by matriptase: HAl for
prostasin activation and antithrombin for the activation of HGF, acceleration of
plasminogen activation, and shedding of syndecan. In addition, despite the rapid
inhibition of the nascent active matriptalsg both proteasénhibitors, several important
features and differences in matriptase inhibition have been observed. Although both
antithrombin and HAIL inhibit matriptase on the cell surface, antithrombin, but not
HAI-1, is responsible for the levels of active matsptahed into extracellular milieu.
With the relatively prolonged lifespan, the extracellular active matriptase is able to
activate and process secreted substrates, such asPArand preHGF. The
extracellular active matriptase could also act on sulesti@nchard on the cell surface,
leading toshedding of HSPGsF{gure 37) and activation of PAR ?°”. In contrast to

the extracellular active matriptase, the cellular active matriptase is aisbdrspeces,
supported by the lack of cellular matriptase proteolytic activity detected in the cells with

robust matriptase activation. The short lifespan of cellular active matriptabe is

104



consequence of the excassio of HAI-1 to matriptase, the potency oAH1 inhibitory
activity against matriptase, and the-looalization of HAF1 with matriptase on the cell
surface and in the secretory pathway. Prostasin appears to be the only convincing
substrate so far for the cellular active matriptase in keratinmcyteAlthough cellular
active matriptase could also act on other substrates, prostasin activation is likely to be
responsible for the most of the epidermal defects associated with matriptase deficiency in
rodents. Therefore, the role of HAlin matriptas inhibition is predominantly linked to
prostasin activation. In contrast, antithrombin appears to have no role in regulation of
prostasin activation. The most interesting feature is that-Hg&xertstemporal and
spatial control to ensure the proteaty#ctivities of matriptase and prostasin targeting a
limited number of substrates without sfolfer to other cellular proteins.

While antithrombin is commonly employed by epithelial cells to control matriptase
activity *®3 keratinocytes are apparently unique among epithelial cells in terms of the
extent that antithrombin contributes to matriptase inhibition. As showigure 33A,
the ratio of matriptasantithrombin complex to matriptas¢Al-1 complex inboth cell
lysates and the conditioned buffer are negligible in both mammary and prosate epithelial
cells. Although the matriptassntithrombin:matriptaselAl-1 ratio in HaCaT

keratinocytes varies from experiment to experiment,rétie is estimated to & around
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1:2 (Figure 33A) or 1:3 Figure 33B). The greater role of antithrombin played in

control of matriptase activity in keratinocytes is a likely consequence of the functional

and regulational modification and adaption of matriptase in acumiation to the

histological and functional divergency between the simple, polarized epithelium and the

stratified epithelium. First, both the simple and the stratified epithelial cells express

matriptase and employ HAll as an essential and indispensible partn&éhe partnership

between matriptase and HAlis established not only by their widespreaekgpression

in epithelial tissues a@hcaolocalization in the secretp pathway and the cell surface

subdomains but also by the functional relationship beyondegseantiprotease one.

HAI-1 has been shown to participate in matriptase synthesmcaefitriar traffcking and

zymogen activation. This unusual partnership is manifested by the rescue of the various

defects associated with HAI deletion with simultagous matriptase deletion in several

animal models. Secondly, prostasin as a substrate of matriptase could be more

physiologically relevant in the stified epithelium but less important inehsimple

epithelium. Despitéheir widespread cexprssion irmmany epithelial tissug matriptase

is targeted to the basolateral plasma membrane and prostasin is targeted to the apical

plasma membrane in polarized epithelial cells. Although matriptase could activate

prostasin during the intracellular trafficking @rito their arrival at different subdomains
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of the cell surface of polarized epithelial cellsstimechanism would be less impont

due to the fact that both proteases are in their zymogen forms upon arrival at the cell

surface. In contrast to polarizegithelial cells, stratified epithelial cells do not show

the typical cell surface polarizartion. This histological modification and adaption in

stratified epithelium might bring matriptase and prostasin together and result in the

keratinocyteselective partnetship between the TTSP and the -@&iihored serine

protease. Thirdly, HAL as an inhibitor which must simultaneously suppress both

matriptase and prostasitine availibility of HAI-1 for matriptase in keratinocytes should

significartly decrease copared to that in polarized epithelial cells in which the

HAI-1:matriptase ratio could be up td.1 Fourthly, the reduced avaitity of HAI-1 to

matriptase might force keratinocytes to rely on more available cell surface antithrombin

to control matriptas than the polarized epithelial cells. While less significant, in

polarized epithelial cells, antithrombin is an existing mechanism to control matriptase.

The enhanced role of antithrombin in matriptase inhibition in keratinocytes migin be

inevitableconsequence of the histological modification for stratified epithelium. Finally,

the availibility of antithrombin on the cell surface depends on cell suH&¥5sand the

binidng affinity of antithrombin to the HSPGs. This might generate another

keratirocyte-selective mechaain in which free active matriptase can be shed into
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extracellular milieu at relatively high levels compared to the simple epithelial cells and

the levels of active matriptase shed can be controlled by the levels of cell surface

antithrombin. In Figure 38, we have summarized these functional and regulatory

modificatiors and adatation of matriptase along with the histological modification

between simple and stratified epithelium.

In conclusion, we have providexvidence that &ratirocytes employ two protease

inhibitors, HAF1 and antithrombin, to regulate distinct substrate processing by

matriptase.
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Figure 3.8 A schematic model for the functional and regulatory divergence of
matriptase between the simple/polarized epithelium and the stratified epithelium.

The subcellular distribution of matriptase, prostasin, and-HAnhd the events following
matriptase activation in the simple/polarizattithe stratified epithelium ischemécally
presented. In simple/polarized epithelium, matriptase is targeted to the basolateral
surface and prostasin is targeted to the apical subiaiddAl-1 interacts withboth cell

surfacestbdomains The polarizecexpressiorof matriptase and prosiass, however,

likely not presenin stratified epitheliumand as suchatriptase gainaccess to prostasin.
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When massive matriptase activation is induced, active matrifgaapidly inhibited by

nearby HA}L and the shorthived active matriptase am act on prostasironly in

keratinocytesbut not in polarized epithelial cells, due to the differential subcellular

distributions of matriptase and prostasin between the two epithé@ive prostasin is

also rapidly inhibited by HAIL by forming a comigex. A proportion of active

matriptase is shed frothecell surfacepecomingevident in the stratified epithelial cells,

but not in polarized epithelial cells. As does the shedding of active matriptase,

inhibition of active matriptase by membrabeundantithrombin via cell surface hepar

sulfate proteoglycans, such as syndecans, becomes more obvious and important in

stratified epithelial cells but not in polarized epithelial cell§the escaped active

matriptase then can work on its substrates, swchPAR2, prouPA, preHGF, and

syndecan
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Chapter 4 i Matriptase in human epidermis: differentiation-regulated

expression and enhanced zymogen activation in the epidermal stem cells
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4.1 Abstract

Genetic defects in transmembrane serine protease matriptasbeaausative

mechanism underlying two rare congenital ichthyoses, ARIH and IFAfbuse models

with deletion or insufficient matriptase phenocopy the histological abnormality and

reveal prostasin as the moleculargtr of matriptase responsible ftne epdermal

defects and HAIL as the indispensible inhibitor required for matriptase skin functions.

Humanrelevant models, however, are necessary for the further investigatigain

mechanistic insightsto the role of matriptase in skin barrier functicarsd human skin

disease as thesesignificant differencein the syndrome severity caused by matriptase

deletion: uniformly postnatal death in mice but nskin pathologyin humars. In our

current studies, the distribution profile of matriptase exgioes and its zymogen

activation state are investigated in human skin, oral epithelium, and detatinocyte

differentiation and epidermal tissue regeneration using an in vitro skin organotypic

culture model. Our data revedhat human matriptase is gnessed in both basal and

spinous keratinocytes aribe highestzymogen activation is seen keratinocytes from

the bulge area of hair, suspectedtmtainskin stem cells.  This is istark contrast to

the mouse matriptase which is expressed by sugafldaut not basal, keratinocytes with

highest expression in the outermbging keratinaytes.  The data suggests that human
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matriptase is likely to be involved in the regulation of keratinocyte growth and early
differentiation, both of which can be coborated by the reduced growth and expression

of differentiation markers in HaCaT human keratinocytes with reduced matriptase
expression. The high matriptase zymogen activation in the bulge skin stem cells and
during the epidermal tissue regenerationthie skin organotypic culture suggest that
matriptase actively participates in Aacti
cells in the skin. Dysregulated matriptase activity in skin bulge stem cells could,

therefore, be a potential mechanism utyileg the ARIH and IFAH.

4.2 Introduction

Genetic defects in type 2 transmemlaraserine protease matriptase hdneen
recently identified as a causative abnormality underlying the two rare forms of congenital
ichthyosis, autosomal recessive ichthigowith hypotrichosis (ARIH, OMIM 610765)
and ichthyosis, follicular atrophoderma, hypotrichosis and hypohidrosis (IFAH,
OMIM602400)1%%%22  The defects in skin barrier function are evident in these patients
and they represent the underlying pathogenic mechanisms for the syndrome, similar to
the majority of congenital ichthyose<® The defects in the skin barrier function for

ichthyosis pathogenesis are alwaysoagged with impairments of at least one of the
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three major components of stratum corneum barrier, including intercellular lipid layers,
cornified cell envelop and keratirfilaggrin degradation products’®. The disturbed
profilaggrin processing, rather than the formation of lamellar granules and cornified cell
envelo, appears to be the principal contributor to impaired skin barrier which is
manifested in patients with matriptase mutatféh  Histological and ultrastructural
analygs further revealed that the impaired degradation of corneodesmosomes and
thickened stratum spisum (acanthosis) and stratum corneum are associated with the
skinin ARIH *?°. The degradation of both corneodesmosomes and profilaggrin requires
intensive proteolysis. Since the potential localization of the matriptase, either the
corneodesmosomes or the keratohyatangles remains to be elucaded the proteolytic
activity of matriptase could either directly or indirectly be involved in both events. The
acanthosis and the thickened stratum corneum could result from an impact on
keratinocyte proliferation and differentiation programs by mats@t mutations,
propagating through multiple processes rather than just at one specific proteolytic event.
Therefore, matriptase could participate in skin function by regulating multiple processes
from the formation of stratum corneum barrier to the masntee of epidermal
homeostasis through the desquamation and/or the replenishment of keratinocytes via

highly regulated proliferation and differentiation.
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An animal model with targeted deletion of matriptase has redeadechanistic
insights for the role omatriptase in skin barrigdunction In addition to the replicating
the ichthyotic phenotype and the impaired profilaggrin processing seen in the ARIH and
IFAH patients, the impaired tight junction activity has been identified to play a
significant rolein the loss of epidermal barrier function in the skin of matriptase

knockout micet?%t?2 159

The study of matriptase knockout mice also uncovers a
prostasin, ajlycosylphosphatidylinositolGPI)}-anchored sémne protease, as a molecular
target of matriptase responsible for the epidermal defects caused by matriptase deficiency
in mice?®. Lack of prostasin activation is also seen in the skin of IFAH pattéhts

The functional linkge between the two membrabeund serine proteases can also be
demonstrated in immortalized human keratinocytes in which prostasin zymogen
activation depends on matriptaSé  Strikingly, the zymogen activation of both serine
proteases is under extremely tight control by hepatocyte growth factor activator inhibitor
(HAI)-1, a Kunitz type serine protease inhibitor, in a way that the zymogen activation of
both serine proteases must take place virtually at the samé®fimdnterestingly, the

targeted deletion of HAL in mice also causes ichthyo$ilee skin with aberrant

profilaggrin processing, acanthosis and enhanced Aktsgiarylation > The
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matriptaseprodasin-HAI-1 cell surface protease network, therefore, is an essential
program for skin barrier function.

Mice mode$ appear to be an excellent tool to study the phggioal role of
matriptase in skin and to understand the development and progression of human skin
diseases, given the shared epidermal defects associated with matriptase deficiency, the
same downstream molecular target and the same antiprotease medbamsatriptase
between human and rodent. This is particularly true for the matriptase hypomorphic
mouse modelwhich phenocopies AIHR patient€® %> However, a less severe
nortlife threateningclinical phenotype was observed in the patients with deletion of
matriptase caused by frarshift or splicesite mutatiorin matriptase in IFAH patients as
compare to the uniformly postnatal death in matriptase knockout rité?* There
might be differences in the mechanisms underlying the defects in epidermal barrier
associated with matriptase deficiency in human versus rodent. Therefore, there is a
need to establish humaialevant models to investigate and providechmanistic insights
into the causative role of matriptase in the AIHR and IFAH. To this end, we have
compared the distribution profiles of matriptase expression in human skin and oral
epithelium with those in am vitro skin organotypic culture model which the dynamic

processes of robust epidermal differentiation and tissue regeneration can be tracked.
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The state of matriptase zymogen activation was also investigated in the human skin using

a unique matriptase mAb that can distinguish between theatedivnatriptase from the

inactivated matriptaseymogen. Our data revealed thatman matriptase is expressed

in both basal and spinous keratinocytes in skin. In addition, the process of loss of

matriptase in the terminally differentiated keratinocytes wlgarly demonstrated in the

skin organotypic culture. Interestingly, zymogen activation of matriptase was seen in

the keratinocytes only from the bulge area of hair.  The distribution profile of human

matriptase suggests that human matriptase is likkelye involved in the regulation of

keratinocyte growth and early differentiation, both of which can be corroborated by the

reduced growth and expression of differentiation markers in HaCaT human keratinocytes

along with the reduction of matriptase exgien.  The distribution profile is in a stark

contrast to mouse matriptase which is expressed by suprabasal but not basal keratinocytes

with highest expression in the outermost liable keragtes. The state of matriptase

zymogen activation provides mmikle mechanistic insights to the pathology ARIH and

IFAH, which could involve the dysregulated matriptase activity in skin stem cells.

4.3 Material and Methods

4.3.1Cell lines and Cell cultures
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Human primary keratinocytes were obtained from neonatal foreskimaimtained
in KeratinocyteSFM (Invitrogen) supplemented withovine pituitary extract (260
ng/ml), recombinant epidermal growth factor (fEGF,-0.2 ng/ml), 100 units/ml
penicillin, and 100 ng/ml streptomycin. Human keratinocyte HaCaT cells were
mant ai ned i n Dul beccodBMEMoOMEdiatechelnt., Mamagdags Me d i
VA) supplemented with 10% hemiactivated fetal bovine serum (FBS, Gemini, West
Sacramento, CA), 100 units/ml penicillin, and 1®§ml streptomycin. HaCaT cells
with matriptaseargeting and notargeting control small hairpin RNAs (shRNA) were
generated as previously descridétiand maintained in DMEM supplemented with 10%
FBS, 2ng/ml puromycin, 100 units/ml penicillin, and 10@/ml streptomycin The
stably basalike state HaCaT cells were generated by culturing HaCaT cells in completed
KeratinocyteSFM, which contains only 0.03mM calcium, for at least one month as
previously @scribed?’” 2"®  This stably basdlke state HaCaT cells were switched
from low calcium completed Keratinocy&~M to high calcium completed DMEM in
order to induce differentiatiofl”. All cells were incubated in a humidified incubator at
37¢  with 5% CQ.
4.3.2 Antibodies

The total matriptase monoclonal antibody (mAb) M24 and the activated matriptase
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mAb M69 were genetad using matriptaselAl-1 complex as described previoush).
The total matriptase mAb M24 recognizes both latent and activated forms of matriptase
155,160, 17793 Monoclonal antibody M69 is a unique matriptase antibody which
recognizes an epitope only present on activated matriptase and therefore is able to
distinguish activated matriptase from latent matriptase. Humanl1Hpdotein was
detected using the HAI mAb M191%° 193
4.3.3Immunoblot analysis

Massive matriptase activation in HaCaT cells was induced by applying a 0.15M
phosphate buffer, pH 6.0 at room temperature (RT) for 30 minutes, as described

previously '’ 193

Proteins for immunoblot analyses were prepared from cell cultures

by washing the cells witd u | b e ¢ ¢ o 6-buffgped sabngDP83) éor three times

followed by dissolving cells in 1% Triton -X00 in DPBS. Insoluble debris was

removed by centrifugation, and the protein concentration was determined using Bradford
(SigmaAl dr i ¢c h, St . Loui s, MD) according to tt
containing the same amount of total protein were eduvith 5X sample buffer in the

absence of reducing agent and resolved by 7.5% @@&crylamide gel electrophoresis

(SDSPAGE) followed by transferring to nitrocellulose membrane (Pall Corp., Pensacola,

FL). The membranes were probed with the desireshational antibodies and an
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HRP-conjugated secondary antibody (Kirkegaard & Perry Laboratories, Gaithersburg,
MD) followed by signal detection with Western Lightning Chemiluminescence Reagent
Plus (PerkinElmer Life Sciences, Waltham, MA)
4.3.40rganotypic culure

Organotypic rafts were generated based on the protocol described previously with

minor revision %% 264 265

Briefly, Type | collagen (BD Biosciences, Bedford, MA)
plugs with 7.5x1H human primary fibrokasts per plug were prepared invéll cell
culture inserts (BD Biosciences) and incubated f& @ays. A total of 1Dprimary
keratinocytes were applied to each center of collagen plug and incubated fdayks.
Differentiation of the rafts was initiatl by lifting them to the adiquid interface.
4.3.5Immunohistochemistry

Immunohistochemical staining was performed as previously described with minor
modification (Dako, CAY’®. Paraffirembedded human skin egalents sections and
normal human skin sections were stained using the total matriptase mAb M24, activated
matriptase mAb M69, and HAlL mAb M19. HRPabeled antmouse IgG and the
substrate, diaminobenzidine (DAB), were used for the detection of posttwusng.

Cell nuclei were counterstained with hematoxylin. Images were captured using an

Olympus AH2 Vanox Microscope System (Olympus, Melville, NY).
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4.3.6Crystal violet cell proliferation assay

HaCaT cells bearing matriptatgErgeting and notargeting wee seeded into-@rell
plates at 1bcells per well. Cells were incubated overnight for attachment and then
fixed for 10 min in a solution of buffered formalin (3.7%, Fisher Protocol*) on desired
days. The cells were washed with DPBS and subsequenthedtaiith 0.5% crystal
violet solution containing 20% methanol in DPBS for 10 min. After removing excess
stain by washing cells with ddB, the crystal violet stained cells were dissolved in 2 ml
of a 1% SDS solution and agitated plates on an orbital shiltié color is uniform with
no areas of dense coloration in bottom of wells. The optical density of the extracted dye
was read with a spectrophotomet®&e¢hman, DTX 880)at 595 nm. The optical
density measurements give a relative number of viable pedisent at the time the dye
was added and were normalized to the reading on Day 1.
4.3.7Reattime polymerase chain reactiorPCR)

For each sample, total RNA was extracted from cells using Trizol reagent
(Invitrogen) following the manufacturér instructions Briefly, chloroform was added
to homogenized samples followed by centrifugation to isolate the aqueous layer. RNA
was precipitated and then washed in 70% ethanol three times. The RNAs vaderedair

and dissolved in ddiD. One microgram of total RNfvas treated with DNase and
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used for cDNA synthesis. The cDNA synthesis step included a control reaction without
reverse transcriptase. Réghe PCR reactions were conducted using SYBR green and
genespecific primers (Supplementary Table S1) and normdlito GAPDH as an
internal control. The redlme PCR reactions were as follows: for 2 min &t 58nd for

10 min at 95 , followed by 45 cycles of switching betweert95or 15 sec and 60 for

1 min.

4.4 Results

4.4.1Matriptase expression and distributiomiskin organotypic culture

Primary human keratinocytes maintained in low?'Ceulture medium express both
matriptase and HAL as determined by immunoblot analysis when grown in monolayer
(Figure 41A). These data suggest that the proliferating keragtescexpress the cell
surface serine protease and its cognate inhibitor. In order to study whether and how
epidermal differentiation regulates the expression of matriptase and H¢¢ examined

the distribution profile of the expression of matriptase ldAdl-1 using organotypic skin
cultures. In thisn vitro skin model system, the proliferating keratinocytes are induced to
undergo differentiation by growing thein medium containing high Gaand on the

interface between fibroblagtrimed collagen matriand air Figure 41B and Q. The
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Figure 4.1 Expression of matriptase and HAFL in human primary keratinocyte and
cellular localization of matriptase and HAI-1 in skin equivalents.

A. Protein expressionsef matriptase and HAL in human primary Kkeratinocyte were
analyzed by immunoblot using total matriptase mAb M24 and-HAhAb M19,
respectively. B and C Cellular localization of total matriptase (Total MTP) and HAI
(HAI-1) in skin equivalents. The iskequivalents orDay 0, 3, 5, and 9 after lifting
them to an aifiquid interface were used to detect the distribution of matriptase and
HAI-1, shown in brown. The skin equivalents were supported on a collagen/fibroblast

matrix and nuclei were counterstad blue with hematoxylin.  Scale bar: 2.
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skin raft replicates the processes of epidermal differentiation and tissue regeneration.
Both matriptase and HAL are still expressed by primary human keratinocytes after their
growth in the epmedium that contains 1.5 mM CG& and in contact with
fibroblastprimed collagen matrix for some of these keratinocytes for 3 days. Both
matriptase and HAL were detected on the cell surface in all layers of the cells on day
zero when the keratinocytes were liftedthe airliquid interface Figure 41B and G

Day 0. These data suggest that the keratinocytes at the earlier differensitetgm
induced by C& and the contact with collagen matrapparently still maintain the serine
protease system. Howevel Day 3, loss of matriptase expression begins to occur at
the outermost layer of keratinocgterhose nuclei have become slightly condensed and
elongated(Figure 41B, Day 3) By Day 5, when there isobust differentiation, the
expression of matriptase amtiAl-1 is confined to thekeratinocyte layers nesst the
collagen matrix Figure 41B and C, Day h There was no detectable matriptase but
HAI-1 was still seemat reduced leva in the superficial layers which contain the
kerathocytes either with condesed nuclei or without nuclei. By Day 9, the skin raft
contains basal cells with altered orientation and thicker cornified layers, but expression of
matriptase and HAL were maintained at the same level.  This analysis reveals that

expression of matripse and HAM is differentiationdependent. They are highly
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expressed in proliferating and earlier differentiating keratinocytes which then decrease to

their lost expressions in the late stage of differentiation.

The distribution profile of matriptasexpression at thBay 9of the keratinocyte raft

culture is remarkably similar to that observed in the stratified epithetiwivo (Figure

42). In human skin epidermis, matriptase is expresaedigh levels at celtell

junctions in the basal layer B$ and spinous layer (SS). Decreasing expression of

matriptase was observed along with the differentiational progression from the SS to the

granular layer (SG). The expression becomes undetectable in those keratinocytes with

dense cytoplasm (SG), bordagi on the cornified layer (SC), in which matriptase was

also negativeHigure 42B). Despite the abundance of matriptasepidermis, we did

not detectctivated matriptase at meaningful levels in all layers of epidermis, while some

positive staining wasccasionally seen or using much higher concentrations of this mAb

(Figure 42D). The loss of matriptase expression in the late stage of keratinocyte

differentiation is also seen in the oral epitheliuag(re 43A). Oral mucosa contains

stratified epitlelium that share similar tissue architecture to skin epidermis. Matriptase

was detected in the SB and the SS but not in the keratinocytes with the condensed and

elongated nuclei from the surface layer (SL). The distribution profile suggests that the

physological function of matriptase in stratified epithelium likely lies in the SB and the
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Figure 4.2 Cellular localization of matriptase and HAI-1 in normal human skin.

Frozen sections from normal human skiere stained with hematoxylin and eosin (H&E)

or immunostained withtdesired monoclonal antibodiesA. H&E staining of normal
human skin. B. Immunoreactivity of total matriptase detected using mAb M32 (Total
MTP). C.Immunoreactivity of HA{1l detected sing mAb M19. D. Immunoreactivity

of activated matriptase detected using mAb M69. Nuclei were counterstained blue with
hematoxylin. A negative control using Mouse IgG was also performed (not shown).
Scale bar: 25mm. SC: stratum corneum. SG: stratum granulosum. SS: stratum

spinosum. SB: stratum basale.
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Figure 4.3 Cellular localization of matriptase and HAI-1 in human normal oral
mucosa.

Immunohistochemical anges of paraffirembedded human oral mucosa using total
matriptase mAb M24A. Total MTP) and HAI1 mAb M19 @. HAI-1). A negative
control using Mouse IgG was also performed (not shown). Nuclei were counterstained
blue with hematoxylin. Scale bar: Bn. SSSL: stratum spinosursurface layer SS:

stratum spinosum. SB: stratum basale.
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SS rather than the late stage of differentiation.

The distribution profile of HAIL expression in then vitro raft culture and in vivo
human epidermis and oral epiliben is almost identical to matriptase, suggesting that the
close functional linkage between the protease and thenattiptase are well maintained
during the differentiation process. An interesting exception was, nevertheless, noticed.
While matriptas expression in human skin is decreasing in the SG;1H&&s detected
at high levels in this epidermal layer. Furthermore, the subcellular distribution ef HAI
appears to be altered in these keratinocytes. While-Hmas seen at the caléll
junctionsin most keratinocyte layers, the protease inhibitor was detected in the cytoplasm
of keratinocytes in the SG. These data suggest thatlHAight still play an active role
in the late stage of epidermal differentiation by inhibiting other proteasesniuaiptase
likely in the granules of the SG.
4.4.2Elevated matriptase activation during epidermal tissue regeneration and in
the epidermal stem cell

Like most serine proteases, matriptase is synthesigadinglechain zymogen and
acquires its full protdgtic activity only after converting into a twchain active form
The zymogen activation of matriptase is accompanied with a localized conformational

change in the serine protease domain and we have generated a set of monoclonal
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antibodes that apparentlyecognized these conformational changes and can distinguish

the activated matriptase from matriptase zymogen. Furthermore, matriptase zymogen

activation is closely followed by the inhibition of the newly generated active matriptase

by HAI-1. As a consagence, the end product of matriptase zymogen activation is the

120-kDa matriptaséHAl-1 complex. The specificity of the activated matriptase mAb

can be demonstrated by a combination of induction of matriptase activation/inhibition

and immunoblot analysisising matriptase mAbs and HAI mAb (Figure 44A).

HaCaT keratinocytes express matriptase in its zymogen form askRasprotein band

detected by matriptase mABiQure 44A, Total MTP, lane 1). Matriptase zymogen in

response to extracellular acidosandbe converted into active matriptase that is rapidly

inhibited by HAF1 by forming an inactive complex at RDa. The 12kDa

matriptaseHAI-1 complex can be detected by both matriptase andIH#&Abs Figure

44A, lanes 2). The unique activated naiise mAb detected only the 1RDa

matriptaseHAI-1 complex, but not matriptase zymogen nor the Hi4kostasin complex

(Figure 44A, Activated MTP, lane 2). Using this unique activated matriptase

monoclonal antibody, we have examined the activationst#dtmatriptase in human skin.

In contrast to the negative staining of activated matriptase in the epidermis, a positive

staining of activated matriptase was frequently seen at the bulge area of hair follicles
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Figure 4.4 Elevated matriptase activation in epidermal stem cells of hair follicle.

A. Acid induced activation of matriptase in immortalized human keratinocytes. HaCaT

cells were incubated with DPBS (lanes 1) of phosphate buffer pH 6.0 (lanes3) fo

minutes. Cell lysates were extracted and subjected to immunoblot analyses for total

matriptase (Total MTP), activated matriptase (Activated MTP), and H&AI-1). B.

Massive matriptase activation detected in the bugle region of human hair follicle

Frozen sections from normal human skin containing hair follicle were stained with a total

matriptase mAb M24, a HAL mAb M19, or a matriptase mAb M69 that specifically

recognizes activated matriptase only. A negative control using Mouse IgG was also

performed.  Nuclei were counterstained blue with hematoxylirfC. A higher

magnification for the micrograph showed in black square in Figure 4B, Activated MTP, is

presented.
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(Figure 44B) which contains the stem cells of the skin. A higher magnificatiche
bulge area revealed that the activated matriptase was localized on the cell membrane
(Figure 44C). This data suggest that while matriptase is not particularly active in the
resting state of the human skin, the membitamend serine protease becanwery active
and could play important roles in the epidermal stem cells.
4.4.3Role of matriptase in keratinocyte proliferation and differentiation

A diminishing matriptase expression level in the granular layer of the human skin
indicates that the human matase may noplay an active role during the late stages of
epidermal differentiation. Instead, the protease may participate in multiple functions
associated with the basal and spinous keratinocytes, such as proliferation and early
differentiation in hman epidermis. This hypothesis is further supported by the
enhanced matriptase activation in the epidermal stem d¢etsiré 44). To test this
hypothesis, we first generated HaCaT clones in which the level of matriptase expression
had been suppressed Wransduction with lentiviruses carrying matriptdasgeting
shRNAs, or nostargeting controls Kigure 45A). When the growth raseof both
HaCaT clones were compared to the matriptase knockdown clone, we have observed a
slower growth rate than the nesarget control clone by 37.5% aay 5 Figure 45B).

These data suggest that the level of matriptase could affect the growth of human
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Figure 4.5 Role of matriptase in keratinocyte differentiation and prdiferation.

WD Wt KD

A. Matriptase knockdown cell lines. Expression of matriptase and1Hil the cell

lines with matriptas¢argeting (49 and 52) or ndaargeting control (NT) shRNA were

examined by immunoblot analyses using total matriptase mAb M24 (Total &ifidP)

HAI-1 mAb M19 (HAF1). B. Decreased proliferation in matriptase knockdown cells.

Growth curves of HaCaT cells with matriptesegeting (MTP knockdown) and

nonttargeting control (No#target) shRNAs estimated by the crystal violet staining assay.

Ead point corresponds to the mean and SEM of experiments carried out in quadruplicate.

The results presented are from one experiment representative of the four perfo@ned.

Matriptase plays a role in early differentiation of human keratinocytes. -tiRealPCR

analyses of matriptase, HAlL K1, K10, and involucrin mRNA expression in the

basallike and differentiated HaCaT cells with matriptasegeting (MTP KD) and
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nornttargeting control (NT) shRNAs are shown as bar graphs. Bar graphs representing

the fold changes of mMRNA levels quantified by normalization the controls as indicated on

the figure. Mean values £ SD (n=4).
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kerathocytes.

To test whether matriptase expression might affect the differentiation of human
keratinocytes, the expression é&v of differentiation markemRNAS including keratin 1
(K1), keratin 10(K10), and involucrin were determined in the matriptase knockdown and
the nontarget clones. For this testing, both HaCaT clones were maintained in media
containing hgh or low calaum ions to forcecells into proliferating or differentiating
states, respectively’’.  The expression levels of both keratins 1 and 10 were observed
in the nontarget clones maintained only in media with high calcium, but not in media
with low calcium Figure 45C, panels ¢ and d). Likewise, the high calcium media also
increased the expression of involucrivigure 45C, panel €). These data confirmed the
differentiation effect of calcium and the differentiation status of these cells. More
importantly, the levels of both keratins were significantly lower in the matriptase
knockdown clones as compared to the-temget control cloneRigure 45 C, panels ¢
and d). Likewise, high calcium failed to increase the expression of involucrin in the
matriptase knockdown clon€&ifure 45C, panele). These data suggest thadtriptase
could affect the differentiation of human keratinocytes. The expression of matriptase
itsef appears to be regulated bijfferentiation since the higher matriptase expression

was observed in keratinocytes grown in media containing high caldtignré 45C,
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panel a). In contrast, the expression of HAlvas not affected as much as these

differentiation markers by matriptase knockdown and calénguced differentiation.

4.5Discussion

The studies of human genetic disorders reveal the importance of matriptase in human
skin. In the curnet studies, we have providedechanistic insightsegardingthe roles
played by matriptase in human skin. By considering that the highest levels of
matriptase zymogeactivationwere observed in the keratinocytes rasglin the bulge
area of hair follicles of the human skin, matriptase activity mighadtively utilized by
skin stem cells. It is interesting to speculate thaiatriptase dysregulation mutatioins
patients with ARIH or IFAH might be distanthglatedto the reduced matriptase activity
in these keratinocytes around the bulge area. iMase is highly expressed by the
keratinocytes in the basal and spinous layers of the epidermis, while much less activated.
Oral epithelium resembles the epidermis in the distribution profile of matriptase
expression. The basal layer contains three gpujptions of keratinocytes: 1) stem
cells, 2) transit amplifying cells, and 3) pasitotic differentiating cells** '

Expression of matriptase among these subpopulations of bastih&eytes might not

show obvious difference as a relatively homogenous sgje of matriptase among all
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keratinocytes in the basal layer. The major function of the basal keratinocytes is
through mitosis to maintain the stem cell population and prodiaceghter cells to
replenish the epidermis through differentiation. Once differentidbedkeratinocytes
move towardhe spinous layer, and continue to differentiate from one layer to the other to
the final layer, stratum corneuh®  Given the high expression of triptase in the first

two epidermal layers, it is plausible to hypothesize that matriptase might be involved in
growth regulation and early differentiation of keratinocytes. Our functional anatysis
which the matriptase expressiovas reduced by shRNAupports this hypothesis as the
keratinocytes expressing less matriptase grow more slowly and express muifithess
differentiation markers, K1, K10 and involucrin in response to the differentiation agent
C&" than the controlRigure 45C). The reduamatriptase zymogen activation in the
basal keratinocytesas compar to the bulgecells, could result from the fact that the
stem cells in the basal layer of epidermis remain quiescent ane lengecell cycle?®.

We have shown in previous studiesttinatriptase zymogen activation igried on
rapidly and robustlhyearly in «in organotypic culture. This suggests that matriptase
activity might play an important role in the epidermal tissue regeneration and contribute
to the early differentiation of keratinocyté€®  Furthermore, increased matriptase

zymogen activation in the basal keratinocytes baen observed in several distinct
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human skin diseases and the increased zymogen activation might be caused by the
inflammation associated with these disea¥8s These data suggest that matriptase
activity is dynamically regulated in response to the disease development and progression.
Hence, the fact that fice matriptase zymogen activatios not seenin the resting
epidermis should not be used as evidence to sugghispensable role of matriptase in

skin.  Previously, we have shown that matriptase zymogen activation can be induced
by a variety of extraglular stimuli, including reactive oxygen species and extracellular

acidosis 1" 19

These known and possible other unknown stimuli of matriptase
zymogen activation might be produced over the course of repidi¢issue regeneration
and skin disease development. In the resting, $hase extracellular stimuli might be
limited and, likewise, matriptase zymogen activation is turned on only at very limited rate.
Taken together, our previous and current datggsst that in the established and resting
skin, matriptase might function in the emergency program system in response to acute
conditionsrather tharasa housekeeping activitp maintainepidermal homeostasis.

In contrast to the roles played by mgtase in the epidermal stem cells and the basal
and spinous keratinocytes, the TTSP might be less involved in the keratinocyte activity

associated with the late stage of keratinocyte differentiation in the granular layer and the

desquamation in the cofi@d layers. Expression analysis of human skin and oral
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mucosa reveals a decreasing matriptase expression when keratinocytes travel

superficially toward the granular layahich iscompletely lost in the cornified layer of

skin and the surface layer amal epithelium. This conclusion is supported by the results

from thein vitro skin aganotypic culture in which matriptase expression in keratinocytes

is dynamically regulated and begins to disappear when the keratinocytes become

differentiated with conensed and elongated nucldriqure 41B). The loss of

matriptase expression at the late stage of differentiation suggests that the protease is less

important for the proteolytic events involved in profilaggrin processing and degradation

of corneodesmosoraeboth ofwhich have been observedARIH and IFAH patients.

Despite the unusually tight functional and regulatory linkage between matriptase and

HAI-1 not only in the keratinocytes but also in other type of epithelial cells;1HAight

play active oles in the terminal differentiation of keratinocytes in the granular layer via

inhibition of other serine proteases than matriptase. The intracellular punctate staining

of HAI-1 in the granular keratinocytes suggests that the Kunitz inhibitor might be

incorporated into keratohyalin granules and/or the lamellar granules during the processes

of the terminal differentiation in the granular layer. In human skin,-HAherefore,

might havea better chance than matriptase in direcdgulatingprofilaggrin processing

in the keratohyalin granules ahgid matrix formation in the lamellar granules.
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In summary, we have provided several lines of evidence to support the hypothesis that
dysregilated matriptase in ARIH and IFAH could occur in the skin steits and/or in
the basal and spinous keratinocytes. This is in contrast to the conclusion drawn from the
mouse models with matriptase deficiency, in which the suprabasal keratinocytes,
particularly the transition cells, are responsible for the defecteeirstratum corneum

barrier.
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Chapter 5 7 Plasminogendependent matriptase zymogen activation
accelerates pericellular plasmin generation in differentiating primary

human keratinocytes
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5.1 Abstract

Pericellular plasmin generation through urokinbgee plasminogen activator (UuPA)
and its membrane receptor (UPAR) in keratinocytes plays important roles in wound
healing. Plasminogen activation can be rapidly initiated by the type 2 transmembrane
serine protease matriptase that activatesup¥® and sho#gns the lag phase which occurs
prior to the burst of plasmin generation. Matriptase is synthesized as a zymogen and
converted into an active enzyme through autoactivation, which can be induced by
extracellular stimuli in a somewhat cell typpecific maner. The functional linkage
between matriptase and plasminogen is initially thought to bedioeetioral: from
matriptase through uPA to plasminogen. However, in the current study, we have found
that primary human keratinocytes primed witlf Ozecome rsponsive to serum for rapid
matriptase activatiorthrough plasminogens. SupM plasminogen is sufficient to
induce matriptase activatipmnd acting onthe cell surface suggesting an outside
signaling mechanism Along with matriptase activation, a qportion of active
matriptase is shed into extellular milieu and returnto the cell surface to accelerate
plasminogen activation. The novel activity of plasminogen as a matriptase activation
inducer and subsequently as an accelerator of plasmin genemaveals that the three

serine proteases form a pericellular protease circuit under a positive feedback loop
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regulation. Given that both uPA and uPAR are upregulated in keratinocytes of the
outgrowing epidermal sheet and that plasminogen works inecowith C&" to rapidly

and robustly stimulate keratinocytes to activate matriptase, this unusual combination of
the prominent keratinocyte differentiation agents and the proteolytic systevides
keratinocyteswith a timely and effective way to genezgblasmin atan earlystage of
wound healing. In normanhtacthuman skin, the established’Cgradient and the lack

of expression of uPA and uPAR would keep the proteolytic system inactive. These
well-coordinated regulatory mechanisms allow keratinesyto precisely generate

plasmin when needed.

5.2 Introduction

During epithelial wound healing, one criticgtep for the correct epithelialization of
keratinocytes is to precisely switcm the plasminogen activator (PA)/plasmin system,
which starts frm activationof PA and leads to the generation of plasmin from its
zymogen, plasminogen. Plasmapotent serin@rotease, is not only required for the
dissolution of fibrin clots and removal okcrotic tissue along the path of keratinocyte
migration duing wound healing, but is also involved in migration of keratinocytes and

inflammatory cells, activation and release of growth factdr$®? activation of matrix
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metalloprotease$'®, angiogenesié®®, and collagen remodeling* ?®> The regulation

of the PA/plasmin system playmultiple roles which are critical for each step of the
healing process, and any disruption in this tightly controlled balance will lead to
abnormal healing, such as chronic wounds. By restricting the expression of urokinase
PA (uPA, the major PA in ketiaocytes) and its membrane receptor, uPAR, on
keratinocytes only in the outgrowing epithelial sheet in healing wotfid*,
plasminogen activation is able to temporally and spatially respond to tissue damaage
specifically target to the subsequent repair processes. However, the exact mechanism by
which wha initiates the PA/plasmin system is still unclear. Fulfilling the regulatory
mechanism of this delicate protease cascade might allow us to reveatssitdepoauses

and treatments of abnormal healing.

The rapid initiation of the PA/plasmin system is believed to rely on the very low
intrinsic enzymatic activity of uPA to generate the initial undetectable plasmin from
plasminogerf®™.  Plasmin itself is a potent activator of prBA (the zymogen of uPA).

The newly generated plasmin, therefore, covertsup¥d to active uPAand initiates
reciprocal zymogen activation. As a resalhurstof plasmin generation follows a lag
phase owing to the need for the accumulation of sufficient plasmin for detection.

Although the generation of plasmin can be achieved by reciprocal Bymagivation,
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alternative mechanisms for the initiation of the system are not excluded. By
demonstrating distinct patterns of plasminogen activation in two monocytic cell lines, a
recent study revealed that the type Il transmembrane serine proteaggasetdan
generate active uPA through a plastitidependent mechanisti>  Matriptase is also
synthesized as a singbhain zymogen and is activated by cleavage at the activation
motif and the formation of a twchain active enzyme. Though this canonical activation
process is conserved ithe vast majority of serine proteaseincluding uPA and
plasminogen, activation of matriptase ¢haracterized byan autoactivation. The
autoactivation is a unique featurd the initiator proteases in protease cascades.
Therefore, as the initiator protease, matriptase activation can be triggered via
microenvironmental changes and cell tgatective extracellular stimuli. For example,
the intrinsic activity of matriptaseymogen can be enhanced under mildly acidic
environment*’®  hence, matriptase activation can be seen in cells under acidic
environments, such as duringflammation **®. Moreover, exposing cells to mildly
acidic buffer represents a ubiquitous way to rapidly and robustly stimulate matriptase
activation in almost all matriptassxpressing cellg®® 193 261 273,292 15 aqdition to

extracellular acidosis, matriptasgpressing cells can also activate matriptase in response

to cell typespecific extracellular stimuli, such as exposing lysophospholipids to
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mammary epithelial cells and androgens to LNCaP prostate canceftéifs

Matriptase is also a weknown activator for prauPA, though its intrinsic activity to
activate preuPA is relatively poor compared with plasntfi. However, matriptase is
responsible for the speaifiactivation of uPARbound preuPA at the cell surface, and
can significantly decrease the lag phase required for the dfysisminogen activation
182 The role of matriptase in plasmin generation througfvation of uPARbound
pro-uPA, the temporal and spatial expression of uPA and uPAR during wound healing,
and the high expression of matriptase in the basal and spinous keratinocytes of human
skin (Chapter 4) indicate a matriptaseA-plasmin pericellulaprotease cascade might
exist in keratinocytes, and this protease cascade might be particularly triggered in the
process of wound healing. As the initiator protease, matriptase activation will be the
checkpoint for the initiation of the protease cascad&he keratinocyteselective
extracellular stimulus for matriptase activation would, therefore, play the pivotal role in
the control of the pericellular plasmin generation. In the current study, we revealed a
novel extracellular stimulus of matriptase aation in keratinocytes, whickevisesthe
concept of how the cells initiate the PA/plasmin system. The discovery that primary

human keratinocytes can rapidly activate matriptase in response to serum treatment

following priming of the cells with C&' into a differentiating state, led us to dizerthe
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identity of the serum factor. Surprisingly, the serum factor that induces matriptase

activation was identified to be a plasminogen. Moreover, plasmin fails to induce

matriptase activation which suggeststtltze enzymatic activity of plasmin is not the

reasonfor activation of matriptase. Given that plasminogen is able to induce rapid

matriptase activation at picomolar concentrations, as low as 0.5 pM in as quickly as 30

min, plasminogen appears to transelumutsidein signaling for the rapid matriptase

activation. Along with the activation of matriptase, active matriptase is shed into

extracellular milieu, and returned back to the cell surface to facilitate the activation of

PA. As a consequence, the lplgase of the PA/plasmin reciprocal zymogen activation

is shortened. In summary, our study reveals that the matrip&s@lasmin protease

cascade in differentiating keratinocytes can be operated as a pericellular protease circuit

with a positive feedbacloop, in which plasminogen serves as the initiating signal and

plasmin serves as the end product. This tightly regulated protease cascade with the

positive feedback mechanism would cortfekeratinocytes a timely and efficient way to

generate plasmin iresponse to the influx of blood at the onset of skin wounding.

5.3 Material and Methods

5.3.1Reagents
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Human serum and fetal bovine serum (FBS) were obtained from Gemini (West

Sacramenyo, CA). Lysine sepharose, DEAE sepharose fast flow, HiPrep 26/10

desalting calmn, and HiPrep Q XL 16/10 column were purchased from GE Healthcare

(Piscataway, NJ). Cibacron blue 3GA, human plasmin, Bradford Reagent and calcium

chloride were purchased from Sigm&rich (St. Louis, MD). Actinomycin D,

cycloheximidine, and R81-8220 were purchased from Calbiochem (Boston, MA).

BAPTA-AM was obtained from Santa cruz biotechnology, Inc. (Santa Cruz, CA).

LY294002 was purchased from Cell signaling technology (Danvers, MA).

Boc-GIn-Ala-Arg-AMC was purchased from Enzo Life Sciencesrfiagdale, NY) and

Boc-Val-Leuw-Lys-AMC was obtained from Bachem Americas, Inc. (Torrance, CA).

Protoblue was obtained from National Diagnostics (Atlanta, GEjami®ohexanoic

acid was purchased from LKT laboratories, Inc. (St. Paul, MN). Human plasninog

was obtained from Technoclone (Vienna, Austria). Matriptase small molecule inhibitors,

F32261197 and F3224198, were purchased from Ambinter (Paris, France).

5.3.2Cell culture

Human primary keratinocytes were isolated from foreskin and magataim the

Keratinocyte SFM (Invitrogen) supplemented withZDng/ml bovine pituitary extract,

0.12-0.2 ng/ml recombinant epidermal growth factor, 100 units/ml penicillin, and 100
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mg/ml streptomycin.  Immortalized badiéde human keratinocytes HaCaT were
generated as previously descrilféd ?"® Briefly, HaCaT cells were switched from a
high calcium medi um, Dul beccods Modi fied
VA) supplemented with 10% fetal bovine seruFBS), to a low calcium medium,
Keratinocyte SFM medium for at least one month. All cells were maintained in a
humidified incubator at 37 with 5% CGQ.
5.3.3Purification of serum factor and identification

The factor(s) in the FBS which can induce matriptase activation was purified using
conventional chromatographs as showikrigure 57A. FBS was loaded ontGibacron
Blue 3GA column followed bywashing with DPBS ((Mediatech Inc., Manassas, VA )
and eluting with 0.5 N NaCl in DPBS. The eluate was desalted and changed buffer to
20 mM TrisHCI, pH 7.4 at 25 using a HiPrep 26/10 desalting column. The desalted
sample was loaded onto a DEAEpharee fast flow column prequilibrated with 20
mM Tris-HCI, pH 7.4 followed by extensively wash. Proteins bound to DEAE
sepharose were eluted with a linear gradient of 0 to 0.1 N NaCl in 20 mN4CtjspH
7.4. The protein band from SEFAGE gels stained #h Protoblue was excised,
washed, destained, and trypsinized overnight a€ 37using standard protocols.

Analysis of the tryptic peptides derived from the protein sample was performed by liquid
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chromatography/mass spectrometry (LS/MS) using services provided by Prottech Inc.
(Norristown, PA).
5.3.4Immunoblot
The concentration of protes was determined using the Bradford Reagent. Same
amount of total proteins were mixed with 5X SDS loading buffer in the absence of
reducing agents followed by resolving by 7.5% SixfByacrylamide gel and transferred
to nitrocellulose membranes (Pall Coensacola, FL). The membranes were probed
with a monoclonal antibody (mAb) M24, which can recognize both the zymogen form
and activated form of matriptase. A HREnjugated secondary antibody (Kirkegaard &
Perry Laboratories, Gaithersburg, MD) was #&aplto the membranes followed by signal
detection with Western Lightning Chemiluminescence Reagent Plus (PerkinElmer Life
Sciences, Waltham, MA).
5.3.5Protease activity assay
The activities of plasmin and active matriptase were measured by the liberation of
7-Amino-4-methylcoumarin AMC) from the fluorescent substrates using a fluorescent
spectrophotometer (Bechman, DTX 880) with excitation at 360 nm and emission at 480
nm. For matriptase activity, primary human keratinocytes were incubated with basal

medium,as control, or a pH 6.0 buffer to induce matriptase activation for 30 min at room

149



temperature followed by neutralizing the pH back to 8.0. The conditioned buffers were
used to measure matriptase activity using the matrigasthetic fluorescent substea
Boc-GIn-Ala-Arg-AMC.  For plasmin activity inFigure 510B, primary human
keratinocytes were incubated with a pH 6.0 buffer for 30 min at room temperature
followed by neutralizing the pH back to 8.0 and addition of 50 nM plasminogen. The
plasmin actity was monitored by a plasmin synthetic fluorescent substrate,
Boc-Val-Leu-Lys-AMC. The plasmin activities itherestof thefigures were measured
under the treatments describedfigure legends using a plasmin synthetic fluorescent

substrate, Bo®al-Leu-Lys-AMC.

5.4 Results
5.4 1linterplay of calcium ions and serum stimulates primary human
keratinocytes to activate matriptase.

Previously we have demonstrated that the matrigtasstasin proteolytic cascade is
activated at the early stage of epidermdfecentiation and tissue regeneration in a
3-dimensional skin organotypic culture using primary human keratinot{tesin order
to identify the factors that stimulate activation of the cell surface protease cascade, we

have systematically analyzed the components of the organotypic culture for the
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stimulating actity of matriptase activation in a-&mentional culture system. We
noticed that a combination of the epidermal differentiation agent, calcium ioA§,(Ca
and serum are sufficient to stimulate primary keratinocytes to activate matriptase in
monolayer culre Figure 51A, lane 3). Like other epithelial cells in which matriptase

is expressed primarily in its mature zymogen form that is detected ak@a7protein

band by Western blot, primary human keratinocytes grown in lofV @adium also
express maiptase in its zymogen formF{gure 51 A lane 1). In contrast to skin
organotypic culture, activation of matriptase was not induced by the differentiation agent
C&" alone in monolayer culturémigure 51A lane 2). When low levels of fetal bovine
serum R%) was added to the culture medium containing 0.2 mKf, Getivation of
matriptase becomes evident as shown by the appearance of (activated) madéptase
complex with a size of 12RDa (Figure 51A, lane 3). The serum factor(s) that
stimulates matgtase activation is apparently not a ljdsed small molecule and cannot

be absorbed by charcodigure 51A, lane 4), but is susceptible to heatikigre 51A,

lane 5). These data suggest that in the presence of epidermal differentiation 4gent Ca
and a serum factor(s), likely a protein, can activate matriptase in primary human
keratinocytes. Interestingly, immortalized balleé human keratinocytes HaCaT do not

respond to the combination of €and FBS to activate matriptageiqure 51B).
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Figure 5.1 The serum factorinduced activation of matriptase is a primary
keratinocyte specific event.

A. Human primary keratinocytes were incubated overnight with 0.09 mM calcium (C), or
0.2 mM calcium (Ca), 100.2 mM calcium plus 2% FBS (FBS), or 0.2 mM calcium plus
2% charcoabtripped FBS (Charcoal FBS), or 0.2 mM calcium plus 2%-tieated FBS
(Boiled FBS) followed by immunoblot analyses using a total matriptase mAb M24.
The basalike human immortalied keratinocyte HaCaT cells were incubated overnight
with 0.09 mM calcium (C), or 0.2 mM calcium (Ca), or 0.2 mM calcium plus 2% FBS

(Ca+FBS) followed by immunoblot analyses using a total matriptase mAb M24.
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A combination of C& and FBSis apparentlyrequired forsignificant matriptase
activation. When keratinocytes were grown in medium supplemented withal®ae
up to 1.5 mM or with FBS alone up to 2%, activation of matriptase was not detected or
detected at very low level§igure 52). In contrat, a combination of both stimulates
significant matriptase activatiofFigure 52). These data suggest that'Cand serum
work in concert to stimulate keratinocytes to activate matriptase.

The sequence of treatment with“and serum is also importafor matriptase
activation. Activation of matriptase can only be induced bytaa&ting the cells with
Ccd" followed by serum; a reverse treatment with serum first followed 15Y faied to
stimulate matriptase activatiofriure 53A).  These dataugigest that G4 and the
serum factor(s) play different, but coordinated roles in stimulation of matriptase
activation. The differential role of €aand serum were further revealed by the different
time requirements for Gaand serum. After the cellsere pretreated with 2(0.2
mM) overnight, it took as little as 30 min for serum to stimulate matriptase activation and
the level of matriptaselAl-1 complex reached a plateau 1 hr after treatmieigiufe
5.3B). In contrast, in order to induce sign#ic matriptase activation by serum, the
cells must be pretreated with Cdor at least 8 hrsRigure 53C). These data suggest

that primary human keratinocytes seems to be able to rapidly activate matriptase in
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Figure 5.2 The calcium and serum are indispensable to induce evident activation of
matriptase.

Human primary keratinocytes were incubated overnight with variant combinations of

calcium and FBS as indicated in the figure. The next day, cells veevedted and

lysed followed by immunoblot analyses using a total matriptase mAb M24.
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Figure 5.3 Sequential administration of calcium and serum affects the outcome of
matriptase activation.

A. Human primay keratinocytes were incubated with 0.09 mM calcium (C) or 0.09 mM
calcium plus 2% human serum (HS), or 0.2 mM calcium (Ca), or 0.2 mM calcium plus
2% human serum (Ca+HS) over two nights, or incubated with 2% human serum or 0.2
mM calcium overnight and pgaced with 0.2 mM calcium (HSCa) or 2% human serum
(Ca>HS), respectively, and incubated another overnight. The cells were harvested and
lysed followed by immunoblot analyses using a total matriptase mAb MB4Human
primary keratinocytes were inculed with 0.09 mM calcium (C), or 2% human serum
(HS) overnight, or with 0.2 mM calcium overnight followed by 2% human serum for
variant time indicated in the figure. Cell lysates were analyzed by immunoblot using a
total matriptase mAb M24. C. Human prinary keratinocytes were incubated with 0.09
mM calcium (C), or 2% human serum (HS), or 0.2 mM calcium (Ca) overnight, or with

0.2 mM calcium for variant time periods as indicated in the figure followed by 2% human
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serum for another 2 h. Cell lysates wemalgzed by immunoblot using a total

matriptase mAb M24.
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responseo serum only after the cells are primed with*Ca Given that C& induces
keratinocyte differentiation, the requisite role of Cariming in serurdinduced
matriptase activation suggestst differentiating, but not proliferating, keratinocytes can
turn on the matriptasmediated cell surface proteolytic cascade in response to serum.

The longer time requirement for €griming suggestsle novoprotein synthesis
might be involved in C& priming; in contrast, FB$hduced matriptase activation might
be via a rapid signal transduction. The former was confirmed by the fact that both RNA
synthesis inhibitor actinomycin D and protein synthesis inhibitor cycloheximidine are
able to inhibit matriptase activation induced by*Cand HS in a dosdependent manner
(Figure 54).

Extracellular C&" induces many cellular and molecular events, including elevating
intracellular C&"and the activation of protein kinase C (PKC) adsphatidylinositol
3-kinases(PI3Ks). These extracellular €dnduced signaling pathways are apparently
involved in the seruamduced matrise activation, as pretreatmagitthe cells with
intracellular calcium chelator BAPTAM (Figure 55A), PKC inhbitor Ro-31-8220
(Figure 55B), and PI3K inhibitor LY294002 Rigure 55C) inhibit the subsequent
seruminduced matriptase activation. However, the calcium channel blockers,

verapamil and nifedipine, cannot block the activation of matriptase under thsasiom
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Figure 54 De novo protein synthesis is required for serum/calciurinduced
activation of matriptase.

A. Primary human keratinocytes were incubated with 0.09 mM calcium alone (C), or 2%

human serunalone (HS), or 0.2 mM calcium alone (Ca), or 0.2 mM calcium plus 2%

human serum (CatHS) for overnight. Variant amounts of actinomycin D were

pretreated to human primary keratinocyte for 30 min followed by adding calcium

concentration to 0.2 mM calcium &HS) for overnight. The 0.2 mM calciutreated

cells were incubated with 2% human serum for another 2h (Ca+HS). Cell lysates were

subjected to immunoblot analyses using a total matriptase mAb, M24Primary

human keratinocytes were incubated with90r@M calcium alone (C), or 2% human

serum alone (HS), or 0.2 mM calcium alone (Ca), or 0.2 mM calcium plus 2% human

serum (Ca+HS) for overnight. Variant amounts of cycloheximidine werérgaied to

human primary keratinocyte for 30 min followed by adpgaalcium concentration to 0.2
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mM calcium (Ca+HS) for overnight. The 0.2 mM calcii@ated cells were incubated

with 2% human serum for another 2h (Ca+HS). Cell lysates were subjected to

immunoblot analyses using a total matriptase mAb, M24.
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Figure 5.5 Serum/calciuminduced activation of matriptase requires elevating
intracellular calcium and activation of protein kinase C (PKC) and
phosphatidylinositol 3-kinases (PI3Ks).

A. Primary human keratinocyewere incubated with 0.2 mM calcium alone (Ca) or
pre-incubated with variant amounts of BAP¥M, an intracellular chelator, for 30 min
followed by 0.2 mM calcium overnight and 2% human serum for another B.h.
Primary human keratinocytes were incubatgth 0.09 mM calcium alone (C), or 2%
human serum alone (HS), or 0.2 mM calcium alone (Ca), ctreated with variant
amount of Re31-8220, a PKC inhibitor, for 30 min followed by 0.2 mM calcium
overnight and 2% human serum for another 2 @. Primaryhuman keratinocytes were
incubated overnight with 0.09 mM calcium alone (C), or 2% human serum alone (HS), or
0.2 mM calcium alone (Ca), or 0.2 mM calcium plus 2% human serum (Ca+HS), or

pre-treated with variant amounts of LY294002, a PI2K inhibitor, fdam3n followed by

0.2 mM calcium overnight and 2% human serum for another 2 h.  All cell lysates were
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subjected to immunoblot analyses using a total matriptase mAb, M24.
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of C&" and plasminogen, and calcium ionophores, A23187 and X537A which increase
intracellular C4' levels, cannot replace the function of extracellulaf (Rigure 56).

5.4.2Plasminogen, the serum factor that induces matriptase activation in

primary human keratinocytes

The serum factor(s) that induces matriptase activation wafsepluaind identified

from fetal bovine serum by a purification scheme, including Cibacron Blue 3GA, DEAE
chromatography and HiPrep Q XL using FPLEgUre 57A). In the Q XL elutions, the
matriptase activation activity was identified in the column frasticenging from # 4
through #36 and separated into two grougigyre 57B). The protein profile of these
positive fractions revealethat the activity may be derived from a-KBa protein that
also was detected immultiple fractions with matriptase actittan activity. More
importantly, the 7%Da protein was alseluted into two groups with their distribution
matching the matriptase activation activitlfigure 57C). Since the purity of the
75-kDa protein in the fraction #8 is near homogeneity withdetarc contaminated
proteins as determined by SIPAGE using highly concentrated sample, we conclude
that the 75Da protein is likely the serum factor that induces matriptase activation. The
75-kDa protein is likely a secreted singlbain protein with muiple pairs of disulfide

linkages as heating treatment did not causieange in rate of migration and reducing
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Figure 5.6 Matriptase activation cannot be stopped by calcium channel blockers or

initiated by calcium ionophores.

A and B.Primary keratinocytes were pmecubated with A23187 or X537A at different

concentrations for overnight followed by 2% human serum (HS) for another @ bnd

D. Primary keratinocytes were pnecubated with verapamil or mflipine for 1 h

followed by 0.2 mM calcium overnight and 2% human serum for another 2 h. All cell
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lysates were subjected to immunoblot analyses using a total matriptase mAb, M24.
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Figure 5.7 Purification and identification of the serum factor that induces
matriptase activation in primary human keratinocyte.

A. Flow chart of purification of the serum factor that induces matriptase activation in

primary human Kkeratinocytes is presente®. Primary human kaatinocytes were

incubated 0.09 mM calcium (C), or a combination of 0.2 mM calcium and 2% human

serum (Ca+HS), or a combination of 0.2 mM calcium and 5% of the column fractions

from elutions of the Q XL column. Matriptase activity was examined by immanobl

using a matriptase mAb, M24.C. Protein profiles of the Q XL elutions. Protein bands

were stained with Protoblue.D. Protein profiles of the fraction #8 of Q XL column.

The sample was concentrated up to 100 folds using Amicon ultra centrifugalfilte
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and protein bands were stained with Protoblue.
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treatment significantly reduced its migration rate in SB&E Figure 57D).

The 75kDa protein was subjected to protein identification viagéh trypsin
digestion, tandem mass spectrometry (MS) and data base searches. Nine obtained
tryptic fragments matched to bovine plasminogen, suggesting that -tkiea7protein is
plasminogen Kigure 58A). The purification and identification of plasminogen via
conventional liquid chromatography was het confirmed by commercial available
human gluplasminogen Kigure 58B, PLG+Ca). Plasminogen contains an lysine

293, 294

binding site that is required for its binding to the cell surfaces and the binding can

be displaced by-@minohexanoic acid (BHA) >°°.

For proper and rapid plasminogen
activation, binding to the cedlurfaceis required. Hence, incubatikgratinocytes with
6-AHA might prevent the plasminogen from binding to the cell surface and subsequently
activatingmatriptase. Indeed;-AHA can suppress the plasminog@duced matriptase
activation Figure 58B, 6-AHA+PLG+Ca). These data suggest that binding of
plasminogen to the cell surface is likely required for the induction of matriptase
activation.

While matriptase zymogen activation involves a cleavage at the canonical activation

motif, plasmin, the aote form of plasminogen, plays no role in matriptase activation

(Figure 59A). Furthermore, matriptase activation can be induced by plasminogen at a
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Figure 5.8 Plasminogen is the serum factor that inducesnatriptase activation in
primary human keratinocytes and its effect can be inhibited by 6AHA.

A. Identified peptide sequences of the serum fattqulasminogen. B. Matriptase
activation can be blocked by-AHA. Primary human keratinocytes were incultate
with 0.09 mM calcium (C), or 0.2 mM calcium alone (Ca), or 0.1 MHA alone
(6-AHA), or a combination of 0.2 mM calcium and 0.1 MABIA (6-AHA+Ca), or a
combination of 0.1 M @HA and 1 ng/ml plasminogen @AHA+PLG), or a
combination of 0.2 mM calciumna 1 ng/ml plasminogen (PLG+Ca), or a combination
of 0.2 mM calcium, 0.1 M &HA, and 1 ng/ml plasminogen @HA+PLG+Ca).

Matriptase activity was examined by immunoblot using a matriptase mAb, M24.
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Figure 5.9 Plasminogen rather than plasmin is the trigger of matriptase activation.

A. Primary human keratinocytes were incubated with 0.09 mM calcium (C), or 0.2 mM

calcium alone (Ca), or frg/ml plasmin, or 0.2 mM calcium plus rig/ml plasmin for

variant times Cell lysates were subjected to immunoblot analyses using a total
matriptase mAb, M24. B. Primary human keratinocytes were incubated overnight with
0.09 mM calcium (C), or 0.2 mM calcium (Ca), or variant amounts of plasminogen as

indicated in the figureavith 0.09 mM calcium or 0.2 mM calcium. Cell lysates were

analyzed by immunoblot using a total matriptase mAb, M24.
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concentration as | ow &igure®9B) 5By eogdidering tfab r 0 .

plasminogerinduced matriptase activation is a fast event taking less than 30-igurg
5.3), requires smM concentration, and does not involves plasmin, plasminogght m
function as an extracellular ligand that can engage cell surface receptor(s) to transduce
signals, leading to matriptase activation and other cellular and molecular events.
5.4.3Matriptase activation accelerates production of plasmin

The identification of plasminogen as an extracellular stimulus of matriptase
zymogen activation suggests that there might be a proteolytic circuit, starting with
plasminogen as extracellular controller to initiate cascading zymogen activation from
matriptase to plasminogen aettor (PA) to plasminogen and ending with generation of
plasmin.  Plasminogen activation features a cell associated event and a lag phase prior
to a burst of plasmin generation. The former is through the binding of urokinase
plasminogen activator to itsellular receptor uPAR. The latter results from a unique
process of plasminogen activation by uPA, in which the low intrinsic catalytic activity of
pro-uPA generates undetectable plasmin. The initial generated plasmin in turn acts on
pro-uPA in a proces named reciprocal zymogen activation. After a long lag phase, the
rate of plasmin generation becomes exponential. When plasminogen was added to the

primary human keratinocytes maintained in culture medium in the absencé’pthea
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generation of plasmibecame very rapid after 40 min incubation. For the keratinocytes
maintained in high G4 medium, plasmin generation was even more pronounced with an
86% increase in the rate of plasmin generation at 48 min, suggesting that matriptase
activation among tier things might accelerate plasmin generatiigure 510A). The

role of matriptase in the generation of plasmin was confirmed by the reduced plasmin
generation in a dosgependent manner using matriptase mAb92@Figure 510B),

which has been shown tsuppress matriptase activation. Likewise, the two small
molecule inhibitorsF32261197 and F3228198,that can suppress matriptase zymogen
activation also suppress plasmin generatiigyre 510C).

Previously we have discovered that robust matrgtagnogen activation can be
induced by transiently exposing matriptasressing cells to a mildly acidic buffer.
Within 20 min, the vast majority of matriptase zymogen can be converted into active
matriptaseat low pH In human keratinocytes, the gested active matriptase either
stays in the cells or is rapidly shed. The cellular active matriptase can activate prostasin
and then is rapidly inhibited by HAl to form a 12€ekDa matriptaséHAl-1 complex.

This can be demonstrated by the appearanceeol2@kDa matriptase complex at the
cost of the 7&kDa matriptase zymogerkigure 511A, comparing lane 2 with lane 1).

The shed active matriptase can be detected by its strong amidolytic activity using a
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Figure 5.10 Plasmin generation is accelerated by matriptase activation.

A. Primary human keratinocytes were incubated with 0.09 mM calcium plus 50 nM

plasminogen (C+PLG), or 0.2 mM calcium plus 50 nM plasminogen (Ca+PLG).

Generation of plasminogen wasaged usinghe plasmin synthetic fluorescent substrate,

Boc-Val-Leu-Lys-AMC. B. Primary human keratinocytes were jimeubated with rat

IgG, as control, or variant amounts of an aati total matriptase mAb 24 for 2 h

followed by raising the calciumoacentration to 0.2 mM and addition of 50 nM

plasminogen. Plasmin activity was assayed usimgplasmin synthetic fluorescent

substrate, Bo&al-Leu-Lys-AMC. C. Primary human keratinocytes were fmeubated

with DMSO, as control, or the two small molge inhibitor of matriptase, F3226197

and F32261198 for 2 h followed by raising the calcium concentration to 0.2 mM and

addition of 50 nM plasminogen. Plasmin activity was monitored thi&a plasmin

synthetic fluorescent substrate, Bdal-Leu-Lys-AMC. All the data are representative

of three independent experiments performed in triplicate.
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Figure 5.11 Acceleration of plasmin generation is done by pericellular active
matriptase on cell surface.

A. Pimary human keratinocytes were incubated with DPBS (lane 1) or a pH 6.0 buffer

(lane 2) for 30 min at room temperature. Cell lysates were analyzed by immunoblot

using a total matriptase mAb, M24B. Primary human keratinocytes were incubated

with DPBS (No Activation) or a pH 6.0 buffer (Activation) for 30 min at room

temperature. The conditioned buffers were used to analyze matriptase activity using a

matriptasesynthetic fluorescent substra®oc-GIn-Ala-Arg-AMC. C. Primary human

keratinocytes were aubated with a pH 6.0 buffer for 30 min at room temperature. 50

nM plasminogen was added to the cells and conditioned buffer together (Combined), the

cells alone (Cellular), and the conditioned buffer alone (Shed) to analyze the plasmin

activity using a fasmin synthetic fluorescent substrate, B@t¢-Leu-Lys-AMC. D.

Primary human keratinocytes were incubated with 0.2 mM calcium, 50 nM plasminogen,

and variant amount of-BHA. The generation of plasmin was monitored with a

plasmin synthetic fluorescentulsstrate, Bod/al-Leu-Lys-AMC.  All data are

representative of three independent experiments performed in triplicate.
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standard fluorescent substrate for matriptdsgufe 511B). By taking advantage of

this unique feature of matriptase activation,furgher confirmed the role of matriptase in

plasmin generation and the matripta®eelerated plasminogen activation is a

pericellular event. In the presence of the shed active matriptase, the plasmin

generation becomes very robust with a shortenedpolase and an increased rate of

plasmin generationFgure 511C, Combined). When the shed active matriptase was

separated from the cells and incubated with plasminogen, plasmin generation was very

slow, confirming that active matriptase is not a goodrpiasgen activatorKigure 511C,

Shed). When plasminogen was added to the-pastiptase activation keratinocytes

which contained only very low levels of matriptase zymogen, plasmin generation was

also very slowFigure 511C, Cellular). These data swgg that while active matriptase

is shed into extracellular milieu, the active matriptase must come to the cell surface for

accelerating plasmin generation. The-@slbociated process of plasmin generation can

be further confirmed by the inhibition ofgdmin generation usingAHA, which can

prevent plasminogen from binding to the cell surfaggure 511D).

5.5Discussion

Keratinocyte cell morphology and epidermal tissue structure are progressively
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remodeled in the process of differenbat This process involves significant
pericellular proteolysis that must be precisely controlled. In addition to the expression
levels, protease activity is primarily regulated by protease inhibitors and by the process of
zymogen activation. The formeletermines the longevity of active protease and the
latter provides the temporal and spatial control. In our previous studies (Chapters 2 and
3), activation of prostasin by active matriptase takes place simultanedatisiyatriptase
zymogen activation ral inhibition of active matriptase by HAL  Antithrombin,
another matriptase endogenous inhibitor, determines the levels of active matriptase shed
into extracellular milieu in which active rrgptase has &onger life span and can return
to the cell suiace to activate and process a variety of substrates. With the two protease
inhibitors, the action on different substrates by matriptase can be regulated. In the
current study, we focus on the control of matriptase zymogen activation. Our study
revealsthat a combination of G4 the prominent keratinocyte differentiation agent, and
plasminogenthe zymogen of plasmin the major protease workhorse at the pericellular
environmert conferson keratinocytes critical measures to precisely regulate matriptase
activation in the context of epidermal differentiation.

The functional linkage between matriptase and plasminogen is initialight to be

onedirectional from matriptase through uPA to plasminogen. In response to a variety
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of extracellular stimuli anatellular conditions, matriptase undergoes autoactivation to
convert matriptase zymogen to active matriptase. In the current study, plasminogen was
identified to be the serum factor that stimulates differentiating keratinocytes to activate
matriptase. Ow discovery reveals a reciprocal, rather than linear, relation exists
between matriptase and plasminogen. This unusual regulatory mechanism makes the
matriptaseuPA-plasminogen protease cascade under a control of positive feedback loop,
in which the zymogn of downstream effector plasminogen functions as an extracellular
message that stimulates keratinocytes to activate the initiator protease matFijgpase (
5.12). This regulatory mechanism confens cells a timely and effective control of
plasmin gemration.

Cd" is a potent pralifferentiation agent, particularly for the cultured keratinocytes.
In vivo, a C&* gradient exists in the epidermis and coincides with the differentiation state
2% In the basal and spinous layers®da at low levels ands primarily intracellular.
Large amounts of Gaaccumulate in the upper granular layer both inside the cells and in
the intercellular matrix. Given that keratinocytes must be primed withi€arder to
become responsive to plasminogen for matriptase activatisrC#i-dependency might

provide a critical mechanism for keratinocytes to further precisely control the pericellular

protease circuit in the context of epidermal differentiation. This dual mechanism for the
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Figure 512 A schematic model for the reciprocal activation of
matriptase-plasminogen activatorplasminogen cascade.

The downstream effector plasminogen and caleitiuced cellular effects work in a
concert becoming an extracellular stimulus of ip&édse activation in primary human
keratinocyte. The pericellular active matriptase then comes back to cell surface to

activate plasminogen activator and eventually leading to massive generation of plasmin.
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