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Abstract 

 

Title of Dissertation:    Matriptase in Skin: Function and Regulation 

Name:               Ya-Wen Chen, Doctor of Philosophy, 2012 

Dissertation Directed by: Chen-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 

morphology and tissue structure, and involves significant pericellular proteolysis that 

must be regulated in a precisely controlled manner.  In particular, the matriptase-driven 

protease network plays a critical role in epidermal barrier construction as well as in the 

regenerative processes required for wound healing.  In this dissertation, I have identified 

and characterized novel molecular mechanisms governing the regulation of matriptase, 

and cellular mechanisms by which matriptase activates its molecular targets and 

contributes to keratinocyte differentiation and formation of epidermal barrier.  First, I 

identified plasminogen as a keratinocyte-selective extracellular stimulus for matriptase 

activation.  The discovery of plasminogen as an initiating signal of the protease cascade 

reaffirms the theory that the matriptase-uPA-plasmin cascade is not unidirectional in the 

activation of its components, but it is reciprocal.  In addition to HAI-1, I also revealed 

keratinocytes 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 structure, 

compared to the polarized epithelial cells.  With the dual inhibitory mechanisms, I 

further revealed that matriptase acts on its molecular targets in two different ways: a rapid 

activation of prostasin by cell-associated active matriptase under extremely tight control 

of HAI-1, and the action on several other substrates, including uPA, HGF, and 

syndecan-1, by secreted active matriptase that is controlled by antithrombin.  Last but 

not least, I also demonstrated that the physiological role 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 increased matriptase zymogen activation in the 

keratinocytes of the bulge area.  By 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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1.1 Human skin 

1.1.1 Functions 

In humans, the largest organ of the integumentary system is the skin, with a total 

surface of approximately 20 square feet.  The skin represents about 16% of body mass 

and the composition and thickness of it varies depending on anatomical region 
1, 2

.  The 

skin not only gives us appearance and shape, it also serves other important functions, 

such as protection, sensation, heat regulation, control of evaporation, storage and 

synthesis, absorption, and water resistance 
3-8

.  Among these functions, the most 

important is to form a protective barrier that interfaces with a sometimes hostile 

environment 
2
.  Skin protects everything that lies beneath it and acts as a cushion against 

insult to the body.  Its continuous, tightly connected surface, lightly coated with oily 

sebum, allows and limits the inward and outward passage of water, electrolytes and 

various other substances.  For the body to function well, skin is also involved in 

maintaining the proper body temperature, by regulating blood vessel diameter in the 

cutaneous vascular system and evaporation of sweat from the surface 
8
.  The three types 

of nerve endings of the skin, Meissnerôs corpuscles, Pacinian corpuscles, and free nerve 

endings, enable it to gather sensory information from the environment so we can sense 

touch, pressure, heat and cold, pain, and tissue injury 
8
.  In addition to acting as a 

protective barrier, skin also plays an active role in the immune system, protecting us from 

diseases.  It normally contains all the elements of the immune system except B cells.  

Understanding the structure of the three layers of skin, the epidermis, dermis, and 

subcutaneous tissues, is the key to understanding how the skin can perform these amazing 

functions.   
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1.1.2 Skin layers 

Human skin is composed of three layers. The first is the epidermis, which provides 

waterproofing and serves as the physical and chemical barrier between the interior body 

and exterior environment. The second is the dermis, which serves as the structural 

support. The third is the subcutaneous tissue, containing larger vessels and nerves 
9
.   

1.1.2.1 The epidermis 

The epidermis is the outermost 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 the feet 
9, 10

.  

Keratinocytes are the key cells of the epidermis, which synthesize 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 maturation 
2
.  

From bottom to top, the sublayers of epidermis are named: stratum basale, stratum 

spinosum, stratum granulosum, stratum lucidum, and stratum corneum 
11

 (Figure 1.1).  

The progressive differentiation of cells of the stratum basale toward the stratum corneum 

is accompanied by a multitude of changes 
1, 7, 9, 12

.  Keratinocytes divide through mitosis 

at the stratum basale and push already formed cells into higher layers.  As the cells 

move up the sublayers, they change shape and composition and eventually die due to 

isolation from the blood supply.  The changes of the cell are very diverse, but generally, 

the cell reorganizes and loses its organelles, increases its size and flattens itself, and the 

cytoplasm of the cell is released and is replaced by the keratin 
13

.  Cells become more 

specialized and limited in their structures and functions through this differentiation.  The  
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Figure 1.1 Schematic illustration of the human skin structure. 

Human skin is 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 shown in this illustration), and stratum corneum (SC). 
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cells eventually reach the stratum corneum and slough off.  This process is called 

keratinization, which takes place within weeks 
14, 15

.  The keratinized layer of skin keeps 

water in the body and provides a high resistance to environmental insults, making skin a 

natural barrier to infection.  This feature is associated with the numerous cell junctions 

of keratinocytes in the epidermis 
16

. 

1.1.2.1.1 Stratum basale 

The stratum basale (or basal layer) lies adjacent to the dermis and is composed 

mainly of keratinocytes (Figure 1.1), 10% of which are poorly differentiated 
1, 9, 11, 17

.  

The stratum basale also contains other types of cells, such as the melanocytes, pigment 

(melanin) producing cells, and Merkel cells 
2
.  Merkel cells are closely associated with 

cutaneous nerves and are involved in light touch sensation 
2
.  The basal cells are cube 

shaped, with a large basophilic nucleus 
18

.  Three subpopulations of keratinocytes in the 

basal layer have been defined by cell kinetic analysis; they are 1) stem cells, 2) transit 

amplifying cells, and 3) post-mitotic differentiating cells 
11, 17

.  The stem cells contain 

large amounts of melanosomes, which are transferred from the adjacent melanocytes, in 

order to protect their self-renewal ability from ultraviolet (UV) radiation 
2, 19, 20

.  The 

stem cells express keratin (K) intermediate filaments, mainly K15 and K19, which can be 

used as markers for this subpopulation 
21, 22

.  The mitosis of stem cells can regenerate 

other stem cells to maintain the stem cell compartment or to produce daughter cells to 

replenish the epidermis through differentiation.  The transit amplifying cells are the 

more differentiated daughter cells, compared to their parental cells, which possess the 

ability to undergo several cycles of proliferation to generate a population of cells that will 

irreversibly lose their proliferating ability and differentiate.   
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Once differentiated, the keratinocytes move toward the upper layer, stratum 

spinosum, and keep differentiating from one layer to the other to the final layer, stratum 

corneum 
7, 14

.  The keratinocytes in the basal layer mainly express K5 and K14, which 

organize tonofilaments around the nucleus 
23-26

.  The keratinocytes in the basal layer use 

the keratin filaments connecting to hemidesmosomes to attach to the basement membrane 

and desmosomes to join the cells together 
25-30

.  Other important molecules that are 

involved in the dermal-epidermal junction are a2b1 and a3b1 integrins 
31-34

.  The 

integrin a2b1 binds laminin (1) and collagen (type I and IV) and the integrin a3b1 

focuses on laminin (15) 
32, 35-38

.  The localization of both integrins would explain their 

roles in association with the dermal-epidermal junction.  Besides adhesion, the integrins 

also regulate the initiation of differentiation.  When keratinocytes are maintained in 

suspension culture, they are forced to lose contact with the extracellular matrix (ECM) 

and consequently, they differentiate 
39, 40

.  However, loss of contact with the ECM is not 

the initial signal that triggers cell differentiation since differentiated keratinocytes were 

observed under regular culture conditions, which does allow ECM-keratinocyte contact 

41-43
.   

Since integrins are involved in several signaling pathways, such as FAK, Ras, ERK, 

and JNK pathways 
44-47

, a hypothesis was raised that the proportion occupied by integrin 

ligands can intervene early in the control of differentiation 
48-50

.  In addition to keratin 

filaments and integrins, microfilaments, such as actin, myosin, and alpha-actinin, assist in 

upward migration of cells as they differentiate 
9
.  Stratification is the consequence of 

keratinocyte differentiation; increased calcium concentration is required for the 

stratification and formation of desmosomes in cultured keratinocytes 
7, 41-43, 51, 52

.  
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Normal transit time for keratinocytes from the stratum basale to the stratum granulosum 

is approximately 14 days, and the cells survive an additional 14 days in the stratum 

corneum before desquamation.  

1.1.2.1.2 Stratum spinosum 

As we move up into the stratum spinosum (or spinous layer), which is named after 

the numerous desmosomal connections of adjacent keratinocytes 
7
, the morphology 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 differentiated with a 

more flattened appearance 
9, 18

.  Functional organelles are still present in the 

keratinocytes of the stratum spinosum, although the cells are more differentiated than 

those in the basal layer 
9
.  There is a remarkable activity of phagocytosis in this layer, 

which degrades foreign molecules in lysosomes or retains foreign molecules in 

phagosomes.  The cells in the spinous layer are active in protein synthesis 
53, 54

, 

especially K1 and K10, which are markers of terminal differentiation 
23, 24

.  K5 and K14 

are still present, but not made de novo in this layer.  These intermediate filaments are 

more abundant, better organized, and bind to desmosomes to provide mechanical strength 

27-30, 55
.  although the spinous layer contains large amounts of adhesion proteins, there 

are numerous gap junctions which mediate intercellular communication 
56

.  In the 

spinous layer, the keratinocytes begin to generate lamellar granules, whose primary 

activity is in the stratum corneum 
56

.  The lamellar granules are membrane-bound 

intracellular structures, which are eventually shed into the extracellular milieu to 

discharge lipid precursors at the junction of the stratum granulosum and stratum corneum.  

By doing so, the epidermis establishes a barrier to prevent water loss 
56

.  The contents of 
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lamellar granules include: 1) neutral sugars combined with fats or proteins, 2) various 

lipids, and 3) acid hydrolases (lysosomal acid lipase) 
9, 57, 58

.  Keratinocytes in the 

spinous layer then progress to the third layer, stratum granulosum, with the pressure of 

the underlying cells.  It is also worth mentioning that the Langerhans cells, which play 

an important role in immune reactions as antigen-presenting cells, are mainly located in 

the middle of the stratum spinosum 
2
. 

1.1.2.1.3 Stratum granulosum 

Keratinocytes continue their transition as they travel superficially 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 granules which make the cells appear granular, giving rise to the name of 

this layer 
7
.  The components of lamellar granules and keratohyalin granules are of great 

importance and are ultimately responsible for the formation of the cornified envelope.  

The function of the lamellar granules was described.  The keratohyalin granules are 

aggregates of insoluble proteins including loricrin and profilaggrin 
59, 60

.  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 
9, 12, 27, 59, 61, 62

.  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 the cornified 

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

granular layer by the transglutaminases 
56

 .   
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1.1.2.1.4 Stratum lucidum 

The stratum lucidum, also called the clear layer due to the translucent appearance 

under a microscope, is found in areas of thick skin such as palms and soles 
63

.  The clear 

layer is composed of three to five layers of dead, flattened keratinocytes, which do not 

have distinct boundaries 
64, 65

.  The keratinocytes in this layer are filled with eleidin, a 

transparent substance formed from the keratohyalin and eventually transformed to keratin 

in the stratum corneum.   

1.1.2.1.5 Stratum corneum 

The loss of nuclei and organelles causes the keratinocytes in the granular layer to 

become non-viable corneocytes and form the stratum corneum.  A bricks and mortar 

model has been used to describe the structure of the stratum corneum in which the 

corneocytes represent the bricks and the intercellular lipids embody the mortar 
58

.  A 

corneocyte is a dead cell derived from a keratinocyte in the granular layer, which 

gradually loses its nucleus and organelles by enzymatic degradation 
7, 9, 66

. The plasma 

membrane of corneocytes becomes permeable and the nucleus is degraded 
40, 66

.  The 

corneocytes then become dehydrated and lose approximately 45%-86% of their weight 

and the cytoplasm is filled with tiny threads of keratin in an organized matrix 
7, 9, 66

.  The 

rearrangement of keratin cytoskeleton during keratinocyte maturation is done with the 

help of the filaggrin.  At the transition between the stratum granulosum and stratum 

corneum, the filaggrin is activated by dephosphorylation and enzymatic cleavage from its 

precursor, profilaggrin 
67

.  The processing of profilaggrin may be facilitated by 

calcium-dependent enzymes.  At the beginning of the stratum corneum, the filaggrin 

serves as a guide and interacts with keratin filaments causing their aggregation into 
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macrofibrils 
61, 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 upper 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 moisture 
59, 69-71

.  

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 lipids 
9, 58, 

71, 72
.  The intercellular lipids, which fill the intercellular space, are mainly from the 

lamellar granules 
73

.  When the keratinocytes move into the stratum corneum, the outer 

envelope of the lamellar granules are degraded by enzymes and release lipids including 

ceramides and free fatty acids 
12, 56, 58, 74

.  The final intercellular lipids in the stratum 

corneum are cholesterol, cholesterol esters, long-chain fatty acids, and ceramides 
56, 75

.  

Each corneocyte has a protective protein shell called the cornified envelope which is 

composed primarily of two proteins, involucrin and loricrin 
7, 59, 76-82

.  The extensive 

covalent linkage between these proteins are mediated by transglutaminases, activated by 

increased intracellular calcium concentration 
7, 83-90

, which could come from the loss of 

membrane integrity during the transition from the stratum granulosum to the stratum 

corneum 
40, 66, 91

 or from the release of calcium while the profilaggrin is dephosphorylated 

and converted to filaggrin 
67

.  The highly crosslinked proteins make the corneocyte 

impermeable and resistant to denaturing agents and make the cornified envelope the most 

insoluble structure of the corneocyte 
7, 84, 92, 93

.  The specialized desmosomes that 

mediate corneocyte cohesion in the stratum corneum are called corneodesmosomes.  

Before desquamation, detachment of cells from the surface of an epithelium, such as skin, 
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the corneocytes and the intercellular lipids work in concert to fulfill the barrier function 

of skin.  The corneocytes are inert with strong cohesion provided by the 

corneodesmosomes, filled with water-retaining 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 several features, such as 

elasticity and consequently, the stratum corneum serves as an effective barrier 
71

.  

Degradation of corneodesmosomes is an important step for the desquamation since they 

are the major structures that hold corneocytes together 
75

.  The closer the corneocytes 

are to the surface, the more disruption of the keratin filaments, corneodesmosomes, and 

lipid matrix can be found 
29, 71

.  Disorganization and disappearance of these complexes 

or structures eventually permit corneocytes to be shed at the surface 
29

. 

1.1.2.2 The dermis 

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 region 
1, 2, 94

.  The dermis is composed of a 

tough, supportive cell matrix, mainly elastin and collagen 
1, 2, 95

, and three major types of 

cells, fibroblasts, macrophages, and adipocytes 
2, 64, 65

.  The major functions of the 

dermis provide the skin with strength (generated by collagen) and elasticity (generated by 

elastin) 
64, 65

.  It functions as a cushion to protect organisms from stress and strain.  The 

dermis also contains nerves, such as the mechanoreceptors, which provide the sense of 

touch and heat, hair follicles, sweat glands, apocrine glands, sebaceous glands, lymphatic 

vessels and blood vessels 
2
.  Two other important functions of dermis are ensured by the 

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

1.1.2.2.1 Papillary region 

The papillary region is a superficial area adjacent to the epidermis and is composed 

of thin loosely arranged collagen fibers 
2
.  This region contains numerous dermal 

papillae that extend toward the epidermis.  The dermal papillae are small, fingerlike 

extensions that increase the surface area between the epidermis and dermis, which further 

increases the adhesion and interaction between these two layers 
6, 64

.  The large surface 

area also helps the dermis to support the epidermis by increasing the exchange efficiency 

of nutrients, oxygen, and wastes 
2, 5

.   

1.1.2.2.2 Reticular region 

The reticular region is the deep, thicker area of the dermis.  It is mainly composed 

of collagen and elastin 
6, 64

.  Collagen makes up 70% of the dermis and runs in parallel 

strands to increase mechanical strength 
2, 6, 64

.  The elasticity and flexibility of the dermis 

comes from the elastin fibers 
2, 6, 64

.  Also located within the reticular region are the hair 

follicles, sweat glands, sebaceous glands, and blood vessels 
2, 6, 64, 96

.   

1.1.2.2.3 Dermal cell population 

The major cells in the dermis are fibroblasts, which produce elastin, collagen, and 

structural proteoglycans 
2
.  In addition to fibroblasts, dermal cell populations 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, glands, nerves, and adipose tissue.  These type 

of cells generally do not move around the dermis 
1
.  The second type are the cells that 
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move freely around the dermis like fibroblasts, lymphocytes, macrophages, mast cells, 

Langerhans cells, and others 
1, 14

.   

1.1.2.3 The subcutaneous tissue 

The subcutaneous tissue is made of loose connective 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 skin 
2, 6, 64

.   

  

1.1.3 Difference between human and mouse skin 

The most commonly used animal model for studying skin diseases by far is the 

mouse model.  Mice are economical, easy to house, maintain, and genetically 

manipulate.  The hundreds of mouse models of human diseases are powerful tools to 

understand skin biology 
97-99

.  Although mouse models are widely used in skin studies, 

there are differences between mouse and human skin.  Mouse skin is composed of three 

layers, which are epidermis, dermis, and hypodermis, just like human skin, but the 

anatomy and physiology of each layer within each organism are very different.  The 

epidermis in mice is very thin, having approximately 2-3 layers of living cells (compared 

to 10-15 layers in human) and there is no stratum granulosum layer 
100-102

.  The hair 

cycle of mice is approximately 3 weeks, but the hair cycles of humans are highly variable 

and anatomically-dependent; for example, the human scalp can survive for several years 

103
.  Apocrine sweat glands that are present in the axilla, perianal, and inguinal skin 

regions of humans are only found in mammary glands in mice 
104

.  Rete ridges, 

epidermal fingerlike projections that extend downward and interlock with dermal papillae, 
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are not obvious in healthy mouse skin, but can become apparent during wound healing in 

mice 
105

.  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 humans, but is widely present in mice 
73, 104

.  

The panniculus carnosus also mediates wound healing in mice via rapid wound 

contraction.  On the other hand, angiogenesis, collagen deposition, granulation tissue 

formation, and re-epithelialization are the characteristics of human wound healing 
106

.  

The substantial differences in wound healing between mice and human should cause us to 

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

relevance to some physiologic and pathologic processes. 

 

1.1.4 Importance of proteases, protease inhibitors, and proteolytic balance in 

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 structured and organized 

epithelium that provides efficient barrier function 
7, 107

.  Many cellular and biochemical 

events are initiated at specific times and locations during epidermal differentiation, and 

the signaling processes involved in the initiation of these events have been extensively 

studied 
108

.  Controlled proteolysis, which is also required for appropriate differentiation 

109, 110
, has, however, been understudied.  Proteases are key regulatory molecules which 

activate growth factors, enzymes, membrane receptors, and ion channels, and also 

process enzyme co-factors, ECM components, structural proteins, and adhesion 
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molecules 
109, 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 disorders include lysosomal proteases, cathepsins C, D and 

L 
111-114

, two membrane-associated serine proteases, matriptase and prostasin 
115-117

, and 

caspase-14 
118, 119

.  Mutations of the cathepsin C gene lead to Papillon-Lefevre 

syndrome, an autosomal recessive genetic disorder characterized by palmoplantar 

keratoderma and periodontitis 
111, 113

.  The stratum corneum morphology is impaired in 

cathepsin D-deficient mice, which resembles the human skin disorder lamellar ichthyosis, 

and cathepsin D is involved in the regulation of transglutaminases 1 
114

.  The cathepsin 

L-deficient mice develop several skin disorders, including periodic hair loss and 

epidermal hyperplasia, acanthosis, and hyperkeratosis 
112

.  Dysregulation of matriptase 

results in epidermal barrier loss leading to severe dehydration and neonatal death in 

matriptase-deficient mice 
115

.  Matriptase is also required for the maintenance of 

epidermal homeostasis, since postnatal ablation compromises tight junction formation 

and barrier stability 
115

.  Furthermore, matriptase mutation in humans is manifested by 

autosomal recessive ichthyosis and hypotrichosis (ARIH), where it is associated with 

compromised desquamation and abnormal filaggrin processing 
120-122

.  Deficiency of 

prostasin, the downstream substrate of matriptase, also presents virtually identical skin 

disorders in mice and man.  Mice present with severe malformation of the stratum 

corneum due to the disturbance of profilaggrin processing and an impaired skin barrier 

function, leading to a rapid and fatal dehydration 
116

.    

In addition to proteases, protease inhibitors clearly also function in skin disorders.  

These proteins are essential controllers that limit protease activity in both space and time.  
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These include the serine protease inhibitors, lymphoepithelial Kazal-type-related 

inhibitors (LEKTI) 
123

, hepatocyte growth factor activator inhibitor-1 (HAI-1) 
124

, and the 

lysosomal cysteine protease inhibitor, cystain M/E 
125, 126

.  Premature-termination 

mutations in the SPINK5, encoding LEKTI, are associated with Netherton syndrome, a 

severe, autosomal recessive form of ichthyosis, indicating a critical role of SPINK5 in 

epidermal barrier function 
123

.  Mice lacking the HAI-1/SPINT1 are embryonically lethal 

due to the impaired placental development 
124

.  Hence, the role of HAI-1/SPINT1 in 

mice was tested by rescuing the placental function by microinjecting HAI-1-deficient 

murine embryonic stem cells into wild-type blastocysts to obtain high-chimerism 

embryos.  The HAI-1/SPINT1 deficient mice developed scaly skin reminiscent of 

ichthyosis, hyperkeratinization, and abnormal hair shafts.  The skin of these mice also 

showed altered proteolytic processing of profilaggrin 
124

.  Deficiency of cystatin M/E 

leads to juvenile lethality and defects in epidermal cornification due to unrestricted 

legumain activity 
125, 126

.   

The equally critical roles played by proteases and their inhibitors in skin underscore 

the importance of regulated proteolysis in epidermal development, differentiation, and 

homeostasis.   

 

1.2 Proteases and protease inhibitors 

1.2.1 Introduction 

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, aspartate, metallo-, and 
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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 proteolytic activity 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 protein, leading to the maturation or 

activation of the target protein, and unlimited proteolysis, which breaks down a complete 

peptide to individual amino acids.  Proteases are involved in a great variety of metabolic 

processes and regulate one of the fastest ñswitching onò and ñswitching offò mechanisms 

of an organism.  Proteases determine the longevity of other proteins involving various 

vital function of an organism.  When the controls of proteolytic activity go wrong, 

enzymatically active proteases can cause severe harm 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 molecules 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 

the type of protease they inhibit 
127

.  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 the key and lock mechanism 
128, 129

.  

Protease inhibitors, like the serpin family and the alpha 2-macroglobulin family, use an 

irreversible trapping reaction to form covalent complexes between protease inhibitors and 

their target proteases to inhibit the activities of proteases 
130

.  On the other hand, 
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protease inhibitors like Kunitz-type inhibitors and Kazal-type inhibitors utilize 

high-affinity, but reversible, interactions between protease inhibitors and the active site of 

their cognate proteases.  The activation of proteases zymogens and inactivation by 

protease inhibitors are generally the two major mechanisms that govern proteolysis.   

1.2.2 Serine proteases 

Serine proteases perform a large number of biological functions.  In mammals, 

these enzymes are involved in digesting food, fighting infections, helping blood to clot, 

and assisting sperm entrance into oocytes.  The activity of serine proteases depends on 

nucleophilic attack of the targeted peptidic bond by a serine residue in the active site of 

the protease.  While acting on a substrate, a serine protease first utilizes the serine 

residue of the serine protease domain to attack the peptide bond of the target substrate, 

releasing the new amino-terminus and forming an ester bond between the enzyme and the 

substrate called acyl enzyme intermediate.  The ester bond is subsequently hydrolyzed 

and the new carboxyl-terminus is released.   

Substantial progress has recently been made in characterizing members of a 

subgroup of serine proteases: the type II transmembrane serine proteases (TTSPs) 
131, 132

.  

These trypsin-like (family S1) proteases are linked to cellular membranes via a 

hydrophobic stretch at the amino terminus; therefore, they represent enzymes whose 

peptide-bond cleaving activities may be specifically targeted to cellular membranes, in 

addition to the possibility of being shed into the extra-cellular milieu by the action of 

other proteases.  Currently the TTSPs number 17 members and matriptase is part of this 

family. 

1.2.3 Kunitz-type protease inhibitors 
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Kunitz-type inhibitors are protease inhibitors which utilize the Kunitz domain to 

inhibit the activity of their target proteases.  They are characterized by basic isoelectric 

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 residues and have three disulfide bonds to stabilize their structures.  The 

domain was first described in the bovine pancreatic trypsin inhibitor (BPTI)-like protease 

inhibitors; numerous other members have been described, including the two inhibitors for 

matriptase, HAI-1 and HAI-2.  These inhibitors use high-affinity interactions to form 

complexes with their target proteases (key and lock mechanism) and thus can be 

dissociated by low pH or heat. 

1.2.4 Serine protease inhibitors (Serpins) 

Serpins were first identified as a set of proteins that are able to inhibit proteases.  By 

far, serpins are the largest and most diverse family of protease inhibitors; more than a 

thousand serpins have been identified,  including 36 human serpins 
127

.  Serpins are 

structurally related, but functionally diverse, and they control essential proteolytic 

pathways in many branches of life.  Unlike most classical protease inhibitors that use a 

simple key and lock mechanism to block access to the protease active site, serpins form 

covalent complexes with their target proteases and are therefore irreversible enzyme 

inhibitors 
130

.  The specificity of a serpin is determined by an exposed region termed the 

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 their cognate protease is that 

the serpin rapidly undergoes an unusual conformation change, termed the Stressed to 
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Relaxed (S to R) transition 
135-138

 which causes the hydrolysis of the acyl-enzyme 

intermediate to be extremely slow 
139

.  The protease hence stays covalently linked to the 

serpin and is thereby inhibited.  Furthermore, since the serpin remains 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 vulnerable 

to mutations, especially mutations that result in protein misfolding and formation of 

inactive long-chain polymers called serpinopathies 
140-142

.  Polymerization of serpins 

reduces the amount of active inhibitors and the accumulation of serpin polymers results 

in cell death and organ failure 
142

.  The importance of serpins in humans can be 

demonstrated in approximately 100 human diseases, such as liver cirrhosis caused by 

polymerization of antitrypsin 
142

, thrombotic disease caused by antithrombin deficiency, 

and emphysema caused by antitrypsin deficiency 
141, 143

. 

 

1.3 Matriptase-mediated cell surface proteolysis cascade 

1.3.1 Matriptase cascade in skin 

Among these proteases and anti-proteases involved in skin functions, we are 

particularly interested in a pericellular proteolytic cascade, initiated by matriptase and 

including other serine proteases such as urokinase-type plasminogen activator (uPA) and 

prostasin.   The matriptase proteolytic cascade plays a critical role in epidermal barrier 

construction, as well as in the regenerative processes required for wound healing.  

Regulation of this protease cascade is well studied in other simple epithelia, involving 

extracellular stimuli to induce matriptase zymogen activation and four endogenous 

protease inhibitors, HAI-1, antithrombin, alpha-1 antitrypsin (a1AT), and 
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alpha-2-antiplasmin (a2AP).  However, matriptase regulatory mechanisms in 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 indicate an important role for the protease 

network in normal differentiation and disease processes.  First, deletion of key players in 

this network (matriptase, HAI-1, or prostasin) in mice causes severe barrier defects- 

leading to postnatal death 
115, 116, 124

.  Second, autosomal recessive matriptase mutations 

are associated with skin permeability barrier defects in humans 
120-122

.  Third, impaired 

profilaggrin processing, reduced desquamation, and compromised lipid matrix assembly 

are evident both in the above-mentioned mouse knockouts, as well as in human 

matriptase-deficiency disease 
116, 117, 120

.  Fourth, imbalanced proteolysis within this 

protease network results in the development of epidermal disease 
144-146

.  Given the clear 

role of the protease network in mediating and/or propagating epidermal disease, the fact 

that so little is known about proteolysis regulation in skin differentiation and repair is 

puzzling. 

1.3.2 Matriptase 

Matriptase is also known as membrane-type serine protease-1 (MT-SP1), 

tumor-associated differentially expressed gene-15 (TADG-15), and suppressor of 

tumorigenicity-14 (ST14) 
147-149

.  In 1993, matriptase was first identified as a secreted 

gelatinase in conditioned medium from human breast cancer cells 
150

, and later as a 

transcript found in normal and cancerous colon tissue encoded by a gene located on 

chromosome 11q24-25 
149, 151

.  Publication of the cDNA sequence of matriptase 

appeared shortly thereafter 
147, 148, 152

.  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.   

1.3.2.1 Family, localization, and expression 

Matriptase belongs to the type II transmembrane serine protease (TTSP) family and 

is expressed by both simple and stratified epithelia in many organ systems, including the 

skin, breast, lung, small intestine, colon, kidney, ovary, stomach, colon, and prostate 
147, 

148, 153-158
.  The widespread epithelial expression of matriptase is consistent with its 

essential roles in the formation and maintenance of epithelial integrity 
145, 159

.  It is 

predominately expressed by the epithelial components of human tissues, by epithelial cell 

lines, and epithelial-derived cancer cell lines 
147, 148, 150, 155, 156, 160

.  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 non-epithelial tissues, with the exception of leukemia 

and lymphoma cell lines 
147, 156, 157

.  In addition to epithelial and carcinoma cells, blood 

leukocytes 
147, 157

, monocytes 
147, 157, 161-163

 and neutrophils 
147, 157

, chondrocytes 
164

, mast 

cells 
165

, and neural progenitor cells 
166

 also express matriptase.   

1.3.2.2 Matriptase structure 

Matriptase is a mosaic protein, containing 855 amino acids and its calculated 

molecular mass is 94.7-kDa (Figure 1.2).  At the amino-terminal 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 the protease can interact with filamins and anchor the protease to 

the actin cytoskeleton 
167

.  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 an intracellular domain at the amino-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 at the carboxyl-terminal end.   
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single sea urchin sperm protein, enteropeptidase, and agrin (SEA) domain, two tandem 

Clr/s, Uegf, and Bone morphogenic protein-1 (CUB) domains, and four tandem low 

density lipoprotein receptor class A (LDLRA) domains (Figure 1.2).  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 acids 
168

 and has the ability to undergo a posttranslational self-cleavage 
169

 at 

G-149, an event called N-terminal processing.  This processing is critical for the 

maturation and zymogen activation of the protease 
170

.  The two CUB domains and four 

LDLRA domains play a critical role in the cellular localization, which targets the protease 

to the basolateral plasma membrane, and zymogen activation 
171

.  The carboxyl-terminal 

serine protease domain is structurally similar to that of other TTSPs (Figure 1.2).  It 

includes a conserved histidine/aspartic acid/serine (HDS) catalytic triad essential for 

proteolytic activity.   

Besides those indicated above, four potential N-linked glycosylation sites are also 

found in the matriptase sequence.  Among them, the Asn-722 and Asn-302 are important 

for matriptase zymogen activation 
171

.  Another residue, Gly-827, in the serine protease 

domain of matriptase has been shown to have an important role in its activation 
172

. If 

mutated Gly-827 causes a rare human genetic skin disorder called autosomal recessive 

ichthyosis with hypotrichosis (ARIH) 
120

.  A unique insertion loop, 60-loop insertion, 

was found in the serine protease domain of matriptase.  This insertion contains nine 

residues that form a b-hairpin loop which is rotated away from the active site, resulting in 

a more open cavity than in the case of thrombin, which also contains a similar loop 
173

.  

This unique feature significantly influences the substrate specificity of matriptase.  
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Matriptase has approximate 20 predicted disulfide bonds.  One of these disulfide bonds 

links the serine protease domain and the noncatalytic region which keeps these two parts 

together after the zymogen activation 
174

.  This disulfide bond is very sensitive to 

oxidizing and/or reducing environments and is readily cleaved after the cells are lysed.  

This cleavage can be prevented by adding 5,5ô-dithiobis-(2-nitrobenzoic acid) (DTNB) or 

other oxidizing reagents to the lysis buffer 
175

.    

1.3.2.3 Life cycle of matriptase 

The regulation of matriptase is a complicated process.  Matriptase is synthesized as 

a full-length zymogen with a size of around 95-kDa (Figure 1.3).  The full-length 

matriptase is converted to its mature form via a cleavage at G-149 within the SEA 

domain yet it is still membrane-associated; this process is also called N-terminal 

processing and requires no enzyme involvement 
169

 (Figure 1.3).  The activation of 

matriptase zymogen is by autoactivation 
171

, a mechanism which is only observed in the 

initiator proteases of protease cascades and is likely mediated by the intrinsic proteolytic 

activity of the zymogen.  The matriptase zymogen appears to exhibit unusually high 

inherent proteolytic activity, which can be as much as 3% of that of active matriptase 

under optimal conditions at pH 6.0 
176

.  The activation of matriptase follows a very 

classic scheme by cleavage at a canonical activation motif that converts the signal-chain 

zymogen to a disulfide-linked two-chain active enzyme.  The two-chain active 

matriptase contains a noncatalytic region, 45-kDa, and a serine protease domain, 25-kDa 

174
.  In most matriptase-expressing 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 antithrombin, to form complexes and shed into the extracellular lumen 
177

.   
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Figure 1.3 Schematic representation of the life cycle of matriptase. 

Matriptase is synthesized as a full -length zymogen with a size of around 95-kDa.  Then 

it undergoes a conversion of full-length matriptase to its mature form via a cleavage at 

G-149 within the SEA domain, also called N-terminal processing. The activation of 

matriptase zymogen follows a very classic scheme by which a canonical activation motif 

is cleaved to convert the signal-chain zymogen to a disulfide-linked two-chain active 

enzyme.  The active matriptase is immediately inhibited by its inhibitor, HAI-1, and 

shed into the extracellular lumen. 
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The shedding of activated matriptase complexes requires a proteolytic cleavage at either 

189Lys-Ser190 or 204Lys-Thr205 
174

.  In addition to the activated matriptase complexes, 

the latent form of matriptase, 70-kDa, is also shed to the extracellular milieu 
160, 174

.   

1.3.2.4 Extracellular 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 the activity of downstream proteases, 

substrates; those physiological functions are controlled by the matriptase-driven protease 

cascade.  As an initiator protease, matriptase activity is regulated by a number of 

cell-type specific extracellular stimuli, non-protease factors, on the cell surface.  

Sphingosine-1-phosphate (S1P) is the first physiological extracellular stimulus identified 

from fetal bovine serum which induced matriptase activation on the surface of 

immortalized breast epithelial cells 
174

.  Though a wide spectrum of biological functions 

can be induced by S1P in a variety of cell types, e.g., survival, actin cytoskeletal 

rearrangement, proliferation, cell-shape changes, assembly of adherens junctions, cellular 

motility, the inhibition of gap junction communication, and contraction 
178-180

, the 

functional linkage of S1P and matriptase zymogen activation is presently unknown.  The 

potent cellular effects of S1P are exerted by direct binding of the lysophospholipids to a 

subfamily of cell surface G-protein coupled receptors termed the endothelial 

differentiation gene (EDG) receptors, which were renamed S1P receptors in 2002 
181

.  

The relative levels of expression of EDG/S1P receptors and the distinct expression 

pattern of the EDG/S1P receptors vary in different cell types and are the key factors 

regulating the power of S1P.  How and whether matriptase activation requires EDG/S1P 
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receptors and their downstream signaling remain unknown, but the mechanism 

apparently does not involve direct binding of S1P to the protease 
182

.  In contrast to the 

immortalized breast epithelial cells, breast cancer cells have apparently lost 

S1P-mediated matriptase activation 
183

.  Cancer cells appear to constitutively activate 

matriptase and which is shed into conditioned media 
183

, indicating that malignant 

epithelial cells have lost the physiological mechanism controlling matriptase activation.   

The second identified inducer for matriptase activation is suramin, a sulfide-rich, 

anionic small molecule 
175

. The discovery of suramin was unexpected as it was originally 

used to uncouple the interaction between S1P and S1P3. 
175

.  Suramin alone induces 

robust matriptase activation, which is more rapid and extensive than induced by S1P 
175

.  

The ability of suramin to induce matriptase activation in several matriptase-expressing 

epithelial and carcinoma cells distinguishes it from S1P and steroid hormones (see below), 

which are cell-type specific.  The other feature that makes suramin different from S1P 

and steroid hormones is the subcellular localization of matriptase activation.  In 

S1P-treated 184 A1N4 mammary epithelial cells, activated matriptase was detected at cell 

junctions; however, the vesicle-like, intracellular structures in the suramin-treated cells 

are where activated matriptase is found 
175

.   

To understand the irregular matriptase activation in cancer cells, in contrast to the 

normal physiological S1P-mediated matriptase activation, our lab endeavored to identify 

the extracellular stimulators responsible for the dysregulation.  Androgens, we identified 

as a third inducer for matriptase activation in LNCaP prostate cancer cells 
184

.  In 

hormone-dependent LNCaP cells, androgens play a key role in the activation of 

matriptase, which is similar to the dependence on S1P for matriptase activation in 184 
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A1N4 cells.  Significant suppression of matriptase zymogen activation was seen in 

hormone-starved LNCaP cells without alteration of the expression of matriptase mRNA 

184
.  This phenomenon was also observed in serum-starved 184 A1N4 cells.  Like S1P, 

the robust matriptase activation induced by androgen is through its receptor, the androgen 

receptor (AR).  However, the time requirement for the two extracellular stimuli to 

mediate matriptase activation is significantly different.  Matriptase activation induced by 

S1P through the EDG/S1P receptors is rapid, likely within 10 min; however, 

androgen-induced matriptase activation is dramatically slower taking at least 6 hours 
184

.  

Though the androgens also regulate several proteases in prostate cancer cells, and include 

protease/KLK-L1 
185

, prostate specific antigen (PSA), glandular kallikrein 
186

, TMPRSS2 

187, 188
, MMP-2 

189
, and a protease with high homology with enamel matrix serine 

proteinase 1 
190

, the major effects of androgen treatment are attributed to the altered 

expression of these proteases rather than to the level of zymogen activation.  Despite the 

conspicuous hormone dependence of matriptase activation in prostate cancer cells, 

hormone-starvation treatment in hormone-dependent breast cancer cells did not alter 

matriptase activation 
184

.  The striking difference between the prostate and breast cancer 

cells may result from the high basal level of matriptase activation in breast cancer cells.  

1.3.2.5 Activation machinery 

The structural and mechanistic diversity of the stimuli of matriptase zymogen 

activation indicates that there might be an activation machinery that carries out the 

cleavage of activation in response to these diverse extracellular stimuli.  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 the cell-cell junctions 
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and intracellular membrane structures, respectively 
175, 191

.  The activation appears 

where matriptase zymogen accumulates and then propagates along the cell-cell junctions.  

The activation machinery can be isolated by homogenizing the cells and collecting the 

membrane fractions 
192

.  Using these isolated membrane fractions, matriptase activation 

can be characterized in a cell-free setting.  Several interesting features of matriptase 

activation have been defined using this in vitro, cell-free system.  These features include 

1) the requirement of lipid bilayer biomembrane 
192

, 2) the regulation by the chemical 

environments such as pH and salts 
177, 193

, 3) the presence of cytosolic suppressor, and 4) 

the dependence of the interactions of matriptase molecules and other yet to be identified 

proteins, likely via the noncatalytic domains of matriptase.  These biochemical features 

of matriptase activation can also be seen in intact cells.   

1.3.2.6 Matriptase functions 

Matriptase is found in the epithelium of all organ systems examined 
157, 194

, 

suggesting a role of the protease in common architectural features 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 include increased transepithelial permeability, loss 

of tight junction function, and generalized epithelial demise, leading to severe organ 

dysfunction 
159

.  The requirement of matriptase has also been seen in epidermal barrier 

function, hair follicle development, and thymic homeostasis in matriptase knockout mice 

115
, indicating the impact of matriptase dysregulation in specialized epithelial tissues.  

Aberrant processing of profilaggrins 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 in mice with targeted deletion of matriptase 
117

.  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 in 

matriptase knockout mice, patients with matriptase mutations survive yet exhibit 

ichthyosis, hypotrichosis, and follicular atrophoderma 
120-122

.  The phenotypes seen in 

matriptase mutation patients are similar to those seen in matriptase hypomorphic mice 
195

.  

Besides loss of barrier function, increased matriptase activation has been seen in several 

distinct skin diseases of humans, and in keratinocytes close to inflammation areas 
196

.  In 

addition to epidermal homeostasis, matriptase has been shown to play an important role 

during neural tube closure 
197

.   

The correlation 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 

observed, resulting in enhanced colonization of the lymph nodes 
198

.  The potent 

oncogenic activity of matriptase was demonstrated using a transgenic mouse model in 

which mild overexpression of matriptase is targeted to the skin.  All the mice developed 

spontaneous squamous cell carcinoma and became very susceptible to 

carcinogen-induced tumor formation 
144

.  Interestingly, the oncogenic activity of 

matriptase is completely negated when HAI-1, the endogenous inhibitor of matriptase, is 

simultaneously overexpressed in these transgenic mice 
144

.  The malignant epithelial 

transformation by dysregulated matriptase expression and the rescue by HAI-1 suggest 

that it is not the levels of matriptase, but the ratio of matriptase to HAI-1 that is likely to 

be the driving force that converts this physiological membrane protease into an oncogenic 
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protease.  The imbalance between matriptase and HAI-1, and increased matriptase 

expression are both commonly seen in a wide variety of primary human carcinomas 
199, 

200
 and these dysregulations are associated with poor patient outcomes 

201-203
.  

Surprisingly, reduced matriptase expression has been shown in later stages of breast 

cancer and is associated with poor patient outcomes as well 
204

.  The reduced level of 

matriptase in advanced cancer is consistent with the downregulation of the protease 

during the epithelial to mesenchymal transition (EMT) 
205, 206

.  Moreover, 

downregulation of HAI-1 is also observed in advanced ovarian cancer 
203

 providing 

additional support for the hypotheses that is the ratio of matriptase to HAI-1 that may 

cause a more significant role in cancer rather than the absolute expression levels of 

matriptase.   

The expression of matriptase in chondrocytes 
164

, monocytes 
161-163

, mast cells 
165

, 

and neural progenitor cells 
166

, 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 condrocytes may contribute to osteoarthritis by 

initiating the degradation of cartilage matrix 
164

.  Matriptase in monocytes might induce 

pro-inflammatory cytokines secreted by endothelial cells, therefore; contributing to 

atherosclerotic lesions 
161

.  Expression of matriptase in mast cells which are involved in 

many allergy-related diseases, such as asthma, suggests that matriptase has the potential 

to contribute to these diseases.   

1.3.3 Matriptase 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 library and substrate phage display 
207

.  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 Gln at P3, basic residues at P4, and 

Ala at the P1ô position.  Interestingly, sequences with basic residues at P3 and P4 

simultaneously, are less favored, suggesting that the substrate binding pocket contains 

only one interaction surface for a positively charged side chain and does not 

accommodate two such residues at P3 and P4.  Indeed, the crystal structure of the serine 

protease domain of matriptase showed a trypsin-like substrate binding pocket (preferring 

basic residues), a small hydrophobic S2 site, and only one negatively charged surface at 

S4 that is predicted to bind the basic P3 or P4 site 
173

.  The revealed structure suggests a 

substrate cleavage preference of matriptase with a basic P1 residue, a small hydrophobic 

P2 residue and a basic P3/P4 residue, which matches the results obtained from 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 (HGF) 
208

, urokinase-type plasminogen activator (uPA) 
207

, 

matrix metalloprotease 3 (stromelysin) 
209

, protease-activated receptor-2 (PAR-2) 
207

, 

prostasin 
210

, macrophage stimulating protein 1 (MSP-1) 
211

, epithelial sodium channels 

(ENaC) 
212

, and acid-sensing ion channel 1 (ASIC1) 
213

.  Matriptase was also reported to 

digest fibronectin and laminin 
154

.    No cleavage has been reported in plasminogen, 

PAR-1, PAR-3, and PAR-4 which are highly similar structurally to the matriptase 

substrates HGF and PAR-2 
207, 208

.  The substrates 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 initiates cell 
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migration, proliferation, and morphogenesis 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, matriptase 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 

upregulation of both uPA and its receptor, uPAR 
214, 215

.  As an activator of HGF and 

uPA, matriptase could contribute to cancer development and progression 
216-218

.  

Matriptase could also contribute to cellular invasion and cell-substratum adhesion by 

activating matrix metalloprotease 3 (stromelysin), 
209

 and by degrading components of 

extracellular matrix 
154

.  Activation of the G protein-coupled receptor, PAR-2 by 

matriptase may be important for neural tube closure 
197

 and in atherosclerosis 
161

.  The 

expression of PAR-2 in epithelial components of human tissues closely overlaps that of 

matriptase and HAI-1 
156, 219, 220

, and the functions of PAR-2 activation are as diverse as 

exocrine secretion, mitogenesis, prostaglandin release, ion channel activation, and 

phagocytosis 
221-229

.  PAR-2 activation could result in K
+
 and Ca

2+
 channel activation 

and increase prostaglandin release, both of which can lead to increased intestinal transit 

230
.  Several pieces of evidence suggest that the role of matriptase in epidermal barrier 

function is likely mediated through the activation of prostasin, a 

glycosylphosphatidylinositol (GPI)-anchored serine protease: 1) The epidermal defects 

seen in both matriptase and prostasin knockout mice are almost identical 
115, 116

, 2) Both 

proteins are co-expressed in the transient layer of the skin 
116

, and 3) Prostasin activation 

is undetectable in the skin of matriptase knockout mice 
210

.  Matriptase may also play a 
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role in macrophage activation through the activation of macrophage stimulating protein 1 

(MSP-1) 
211

.  In addition, matriptase can regulate ion homeostasis by activating 

epithelial sodium channels (ENaC) 
212

 either directly, or by activating prostasin, and 

acid-sensing ion channel 1 (ASIC1) 
213

.   

1.3.4 Matriptase 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 matriptase 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 identified.  These include hepatocyte growth factor inhibitor-1 (HAI-1) 
155

, 

HAI-2 
231

, antithrombin, alpha-1 antitrypsin (a1AT), and alpha-2-antiplasmin (a2AP) 
163

.  

Among these five inhibitors, HAI-1, the major inhibitor of matriptase, is a 

membrane-bound, Kunitz-type serine protease inhibitor and is coexpressed and 

colocalized with matriptase in many epithelial cells 
203

.  HAI-1 is not only an inhibitor 

of matriptase but also participates in the expression, intracellular trafficking, and 

zymogen activation of matriptase 
171, 175

.  Besides HAI-1, HAI-2, other Kunitz-type 

serine protease inhibitors, have been reported to play a role in the regulation of matriptase 

231
.  Antithrombin, a1AT, and a2AP have recently joined HAI-1 in the role of inhibiting 

matriptase 
163

.  These serine protease inhibitors (serpins) suicidally form irreversible 

complexes with matriptase through a covalent bond; on the other hand, formation of the 

matriptase/HAI-1 and matriptase/HAI-2 complexes is reversible.   

1.3.4.1 Kunitz-type serine proteases ï HAI -1 and HAI-2 
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HAI-1 was originally identified as a strong inhibitor of HGF activator (HGFA) 
232

.  

This inhibitor encoded by the SPINT1 gene locates on chromosome 15q15 and contains 

11 exons and 10 introns 
233

.  The messenger RNA (mRNA) of HAI-1 encodes a protein 

of 513 amino acids.  The mature HAI-1, after removal of a 35 amino acid signal peptide, 

contains 478 amino acids with a calculated molecular mass of 53-kDa 
232

.  The 

membrane-anchored HAI-1 consists of a cytoplasmic tail with 41 amino acid residues at 

its carboxyl terminus, followed by a transmembrane domain (Figure 1.4).  The 

extracellular stem region of HAI-1 contains two Kunitz-type serine protease inhibitory 

domains (Kunitz domain I and II) of approximately 60 amino acids each, both of which 

are separated by a LDL-receptor-like domain (Figure 1.4).  The motif at the N-terminus 

with eight cysteines (MANEC, formerly called MANSC 
234

) was recently identified as a 

new domain for HAI-1.  Three putative N-linked glycosylation sites have been found in 

HAI-1 
232

.   

Besides being anchored on the plasma membrane, as a 55-kDa form on the cell 

membrane, HAI-1 can be released as two soluble forms with sizes of 50- and 40-kDa by 

proteolytic cleavages 
235

.  HAI-1 can be detected either in its unbound, free form or in 

complexes with activated matriptase and prostasin 
155, 235

.   

HAI-1-mediated inhibition is closely related to matriptase activation induced by 

several stimuli including S1P, suramin, androgen, and acid 
175, 177, 182, 184

.  The 

paradoxical requirement of HAI-1 in matriptase activation can be demonstrated by 1) the 

ablation of matriptase activation when matriptase and a HAI-1 mutant at the LDL 

receptor class A domain are coexpressed 
171

, and 2) the translocation and accumulation of 

HAI-1 are along with matriptase at cell-cell junctions or in the intracellular vesicle-like  
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Figure 1.4 Schematic representation of the HAI-1 structure. 

The membrane-anchored HAI-1 consists of a cytoplasmic tail at its carboxyl terminus, 

followed by a transmembrane domain.  The extracellular stem region of HAI-1 contains 

two Kunitz-type 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 HAI-1 at its amino terminus. 

  



38 
 

structures during matriptase activation 
175

.  Once activated, matriptase must rapidly act 

on its substrates as the active matriptase will be quickly inhibited by HAI-1 or other 

matriptase inhibitors.  The interaction between matriptase zymogen and HAI-1 is very 

weak; therefore no stable complex can be detected by immunoblot. In contrast to 

matriptase zymogen, HAI-1 forms a very stable complex with active matriptase.  

Matriptase-HAI-1 complexes are stable in SDS sample buffer in the absence of reducing 

agents and heating and can be detected by immunoblot 
175

.  The matriptase/HAI-1 

complex is initially detected as a 120-kDa complex in cell lysates, which contains a 

70-kDa activated matriptase and the 55-kDa mature, membrane-bound HAI-1 
175

.  The 

ectodomains of the matriptase/HAI-1 complex are shed subsequently from cell surface 

into the extracellular milieu 
174, 184

.   

While HAI-1 is a well established inhibitor of matriptase, HAI-2, encoded by the 

SPINT2 gene, has also been reported as an inhibitor for matriptase and can form 

SDS-stable complexes with activated matriptase 
231

. Although HAI-2 can block 

matriptase-dependent activation of pro-prostasin and cell surface-bound pro-uPA, and its 

expression pattern perfectly matches that of matriptase and HAI-1, HAI-2 is usually 

considered to be redundant or partially redundant with HAI-1 
231

.  However, a recent 

study has shown an essential function of HAI-2-regulated inhibition of matriptase during 

tissue morphogenesis in mice with genetic inactivation of the mouse SPINT2 gene 
236

.  

The HAI-2 deficiency-associated defects include abnormal placental labyrinth 

development associated with loss of epithelial cell polarity, embryonic demise, and neural 

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

simultaneously genetically inactivating matriptase, suggesting the defects are caused by 
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the dysregulated matriptase activity 
236

.   

1.3.4.2 Serine protease inhibitors (Serpins) ï Antithrombin, alpha-1 antitrypsin (a1AT), 

and alpha-2-antiplasmin (a2AP)  

In addition to the two Kunitz-type inhibitors, HAI-1 and HAI-2, several endogenous 

serine protease inhibitors (serpins) of matriptase have been identified and include 

antithrombin, alpha-1 antitrypsin (a1AT), and alpha-2-antiplasmin (a2AP) 
163

.  These 

serpins are isolated and identified in their complex forms with activated matriptase from 

human milk 
163

.    

1.3.4.2.1 Antithrombin  

Antithrombin and a1AT are two of the first members of the serpin superfamily to be 

extensively studied.  The major functions of antithrombin and a1AT are to control blood 

coagulation and inflammation, respectively.    

Antithrombin is a small glycoprotein consisting of 432 amino acids.  It is produced 

by the liver and secreted into blood to inactivate several enzymes of the coagulation 

system.  Antithrombin has a half-life of about 3 days and high concentration at 

approximately 2.3 mM in blood plasma 
237, 238

.  Three disulfide bonds, Cys8-Cys128, 

Cys21-Cys95, and Cys248-Cys430, and four possible glycosylation sites, N96, N135, 

N155, and N192, have been reported in antithrombin.  Two types of antithrombin are 

found in blood plasma, with alpha-antithrombin the dominant form and beta-antithrombin 

the minor form.  The four glycosylation sites of alpha-antithrombin have an 

oligosaccharide occupying each of the sites by covalent linkage 
239

.  However, 
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beta-antithrombin consistently has one single glycosylation site, N135, which remains 

unoccupied 
240

.  The activity of antithrombin is increased significantly when it binds to 

heparin.  

The inactivation rate of the physiological target proteases, like thrombin, Factor IXa 

and Factor Xa, of antithrombin increases 4000, one million and 1000 fold, respectively, 

in the presence of heparin 
241-245

.  The secret power of heparin to enhance the 

inactivation rate of antithrombin lies on a specific pentasaccharide sulfation sequence 

contained within the heparin polymer, 

GlcNAc/NS(6S)-GlcA-GlcNS(3S,6S)-IdoA(2S)-GlcNS(6S).  Two distinct mechanisms 

are used by antithrombin upon binding to the pentasaccharide sulfation sequence of 

heparin to increase inhibition of protease activity: 1) allosteric activation which involves 

a conformational change within antithrombin 
246

, and 2) non-allosteric activation which 

forms a ternary complex between antithrombin and the target protease 
247

.  The 

conformational change, allosteric activation, within antithrombin in response to 

pentasaccharide sulfation binding is required to increase inhibition of Factor IXa and 

Factor Xa 
248-250

.  When bound to the pentasaccharide sulfation sequence, the amino acid 

residues P14 and P15, located within the N-terminal of the RCL (also called hinge 

region), expel themselves from the main body of the protein.  Preventing this 

conformational change abolishes the increased Factor IXa and Factor Xa inhibition 

246
.  Hence, the pentasaccharide-bound form of antithrombin is a more effective inhibitor 

of Factor IXa and Factor Xa.  In addition to the pentasaccharide sulfation sequence, 

increased thrombin inhibition requires at least an additional 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 
251

.  Therefore, binding of both protease and antithrombin onto heparin 

dramatically accelerates the interaction between the two parties.  In the absence of the 

pentasaccharide, only 0.25% antithrombin molecules are in the active conformation 

246
.  Therefore, both mechanisms of activation of antithrombin are important to greatly 

and locally activate antithrombin, in order to perform its inhibitory function.    

1.3.4.3 Other inhibitors  

Matriptase activity can be also inhibited by naturally occurring protease inhibitors, 

such as aprotinin, soybean trypsin inhibitor, Bowman-Birk inhibitor, lima bean trypsin 

inhibitor and sunflower trypsin inhibitor (SFTI-1) 
252, 253

.  Several matriptase catalytic 

inhibitors have also been developed, including small molecule and peptide-based 

inhibitors. These inhibitors exhibit great potency against matriptase activity using in 

vitro assays that, in most cases, have made use of the recombinant matriptase serine 

protease domain 
216, 253-257

.  Antibody-based inhibitors specifically targeted against 

matriptase have also been developed 
258

.    

1.4 Hypotheses 

We hypothesize that the matriptase-initiated protease network plays essential roles in 

human skin function via regulation of proliferation and differentiation of keratinocytes. 

 

1.5 Research 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 identify and characterize the keratinocyte-specific 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   ï Regulation of the Matriptase-Prostasin Cell Surface 

Proteolytic Cascade by Hepatocyte Growth Factor Activator 

Inhibitor -1 during Epidermal Differentiation  
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2.1 Abstract 

Matriptase, a membrane-tethered serine protease, plays essential roles in 

epidermal differentiation and barrier function, largely mediated via its activation of 

prostasin, a glycosylphosphatidylinositol-anchored serine protease.  Matriptase activity 

is tightly regulated by its inhibitor hepatocyte growth factor activator inhibitor-1 (HAI-1) 

such that free active matriptase is only briefly available to act on its substrates.  In the 

current study we provide evidence for how matriptase activates prostasin under this tight 

control by HAI-1.  When primary human keratinocytes are induced to differentiate in a 

skin organotypic culture model, both matriptase and prostasin are constitutively activated 

and then inhibited by HAI-1.  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 acid-inducible activation system we demonstrate that 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 timing of autoactivation of 

matriptase, prostasin activation, and inhibition of both enzymes by HAI-1 binding are 

closely correlated.  These data suggest that, during epidermal differentiation, the 

matriptase-prostasin proteolytic cascade is tightly regulated by two mechanisms: 1) 

prostasin activation temporally coupled to matriptase autoactivation and 2) HAI-1 rapidly 

inhibiting not only active matriptase but also active prostasin, resulting in an extremely 

brief window of opportunity for both active matriptase and active prostasin to act on their 

substrates. 
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2.2 Introduction  

Matriptase, a type II transmembrane serine protease, plays essential roles in 

epidermal differentiation and barrier function 
115, 117

.  Mutations of matriptase are 

associated with autosomal recessive ichthyosis and hypotrichosis (ARIH) 
120

.  Four 

mutations have been identified in ST14, the gene that encodes for matriptase 
120-122

.  

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 postnatal death 
117

.  

The severe epidermal defects appear to result from the lack of activation of the 

GPI-anchored serine protease prostasin by matriptase, since both matriptase-deficient and 

prostasin-deficient mice share an almost identical pattern of epidermal defects. 

Furthermore, lack of prostasin activation was observed in matriptase-deficient mouse 

skin 
116, 210

, suggesting that, much of the function of matriptase in the epidermis is 

manifested through the activation of prostasin.   

Hepatocyte growth factor activator inhibitor-1 (HAI-1) is a transmembrane 

Kunitz-type serine protease inhibitor 
232

.  HAI-1 can inhibit matriptase in a competitive 

and reversible manner, consistent with the characteristics of Kunitz-type serine protease 

inhibitors 
174

.  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 HAI-1 binding and can only act on its downstream substrates for 

extremely short time periods after activation 
175, 192, 259

.  This unusually efficient 

inhibition results not only from the high inhibitory potency of HAI-1 
260

 and the 

subcellular co-localization of enzyme and inhibitor, 
259

 but also from several uncommon 
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biochemical mechanisms.  For example, most matriptase-expressing epithelial cells 

express HAI-1 in significantly higher levels compared to the levels of matriptase, 

typically in excess of 10-fold molar excess of the former 
261

.  In the absence of HAI-1, 

newly synthesized matriptase accumulates within the ER/Golgi which results in very low 

levels of matriptase being expressed 
259

.  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 of HAI-1, or this domain 

is deleted 
171

.  This unusual relationship between matriptase and HAI-1 results in two 

unique consequences: 1) the very short-lived availability of free active matriptase, due to 

the direct and rapid access of HAI-1 to the newly generated active matriptase, and 2) a 

paradoxical reduction, rather than increase in matriptase activity in the absence of HAI-1.  

The short-lived availability of active matriptase suggests that activation of the 

downstream matriptase substrate must be coupled with matriptaseôs own activation.  The 

paradoxical decrease in matriptase function associated with HAI-1 deficiency appears to 

be consistent with animal studies in which the epidermal defects seen in HAI-1-deficient 

mice resemble those in matriptase hypomorphic mice 
124, 195

.   

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, the details 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 organotypic skin culture model, and dissect the molecular events 

associated with the activation and inactivation of these enzymes.  Our results 
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demonstrate that matriptase and prostasin are rapidly and constitutively activated 

throughout the course of epidermal differentiation, consistent with their roles in skin 

function.  More importantly, although HAI-1 rapidly inhibits active matriptase, 

immediately after matriptase zymogen activation, the active matriptase apparently has no 

difficulty activating prostasin in the brief 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-1.  These data suggest that 

epidermal keratinocytes regulate matriptase-initiated cell surface proteolysis with 

unprecedented tight control to safeguard themselves from the proteolytic activities of 

matriptase and prostasin.                 

 

2.3 Materials and Methods 

2.3.1 Antibodies 

Two types of matriptase antibodies were used: the mouse monoclonal antibodies 

(mAbs) M32 and M24 and rat mAb 21-9 recognize both latent and activated forms of 

matriptase 
155, 160, 177

; mAb M69 recognizes an epitope present only on activated 

matriptase and is, therefore, able to distinguish activated matriptase from latent 

matriptase 
174, 182

.  Human HAI-1 protein was detected using the HAI-1 mAb M19 
155

.  

Two prostasin antibodies were used:  A prostasin polyclonal antibody, described 

previously 
262, 263

, which is able to recognize both activated prostasin in complex with 

HAI-1 and uncomplexed prostasin, which is presumably the latent form of the enzyme.  

Interestingly this antibody appears to recognize the prostasin-HAI-1 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 recognizes prostasin after heat-denaturing 

treatment which results in the dissociation of the prostasin-HAI-1 complex.     

2.3.2 Lentiviral particle preparation and cell transduction for the delivery of 

small hairpin RNAs 

Matriptase-targeting and non-targeting control small hairpin RNAs (shRNA) in the 

vector PLKO.1-puro were purchased from Open Biosystems (Huntsville, AL).  The 

shRNAs constructs were packaged into lentiviral particles using 293T cells using 

standard methods.  Briefly, on day 1, 293T cells were switched to fresh media without 

antibiotics 3 hours prior to transfection.  Ten grams of the shRNA plasmids were mixed 

with 5 mg of VSV-G, 5 mg of d89, 50 ml CaCl2 and water to a total volume of 500 ml.  

The mixture was then mixed with 500 ml 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 293T cells, and the cells incubated overnight at 37ʕ, with 5% CO2.  

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 and filtered through a 22 mm PES syringe driven filter unit.   

2.3.3 Cell 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 100 mg/ml streptomycin.  Primary human keratinocytes isolated from 

neonatal foreskin tissue were cultured in keratinocyte serum free media (KSFM, Gibco, 

Invitrogen, Carlsbad, CA) supplemented with 25 mg/ml bovine pituitary extract and 1.5 

ng/ml of recombinant epidermal growth factor.  Cultures were maintained in a 
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humidified 5% CO2 atmosphere at 37ʕ.   

2.3.4 Organotypic culture 

Organotypic raft cultures were generated based on the method described previously 

264, 265
.  Collagen (type I rat tail; BD Biosciences, Bedford, MA) plugs with 10

5
 J2-3T3 

fibroblasts per ml were prepared in 6-well cell culture inserts (0.4 mm pore size, PET 

track-etched membrane; Becton Dickinson, Franklin Lakes, NJ), and incubated for 1 day.  

A total of 10
6
 primary human keratinocytes were plated on top of each plug in KSFM 

supplemented with 25 mg/ml bovine pituitary extract and 1.5 ng/ml of recombinant 

epidermal growth factor.  After 2 days, primary human keratinocyte differentiation was 

initiated by lifting the organotypic cultures to the air-liquid interface, and changing the 

culture medium to KSFM supplemented with 25 mg/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.   

2.3.5 Acid-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 previously 
177

.  

For the activation kinetics assay, the cells were incubated with PB for various times as 

indicated in the figure.  Cell lysates were harvested and subjected to immunoblot 

analysis. 

2.3.6 Immunoblot analysis 

Proteins for immunoblot analysis were prepared from the organotypic cultures and 

regular cell cultures by washing the cells three times with phosphate-buffered saline (PBS, 

Cellgro, Manassas, VA), followed by dissolving cells in 1% Triton X-100 in PBS at 4ʕ 
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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 

(Pierce, Rockford, IL) according to the manufacturerôs instructions.  Samples containing 

the same amount of total protein were mixed with 5X sample buffer and resolved by 

7.5% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 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 Chemiluminescence Reagent Plus (Perkin-Elmer, Boston, MA). 

2.3.7 Prostasin-HAI -1 complex purification 

HaCaT cells were treated with PB for 30 minutes at RT to activate prostasin and 

induce prostasin-HAI-1 complex formation.  After activation, the cells were washed 

three times with PBS and lysed with 1% Triton X-100 in PBS.  The cell lysates were 

centrifuged to remove insoluble debris and then dialyzed against 20 mM Tris-HCl, pH 

8.0, containing 1% Triton X-100 (buffer A).  The dialyzed sample was loaded onto a 

DEAE Sepharose Fast Flow column (GE Healthcare, Piscataway, NJ) pre-equilibrated 

with buffer A.  The DEAE column was washed with 5 column volume of buffer A, and 

proteins were eluted with a linear gradient of 0 ï 0.5 M NaCl in buffer A.  The eluted 

fractions containing the prostasin-HAI-1 complex were pooled and loaded onto a HAI-1 

mAb M19 immunoaffinity column pre-equilibrated with buffer A.  The column was 

washed with buffer A and bound protein was then eluted with 0.1 N glycine-HCl, pH 2.4.  

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

2.3.8 Mass spectrometry analysis and identification of prostasin 
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The protein bands from SDS-PAGE gels stained with Protoblue (National 

Diagnostics, Atlanta, Georgia) were excised, washed, destained, and trypsinized 

overnight at 37ᴈ 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 Prottech Inc. (Norristown, PA).  

 

2.4 Results 

2.4.1 Activation of matriptase starts early, and is maintained throughout in vitro 

human epidermal differentiation 

Epidermal differentiation involves a host of proteases and protease inhibitors of 

which matriptase is an essential player in the development of skin barrier function.  

Here we used 3-dimensional organotypic skin cultures to examine the functional status of 

matriptase during epidermal differentiation.  When cultured as a monolayer, primary 

human keratinocytes express matriptase in its mature latent form, yielding a 70-kDa 

protein band on immunoblots using matriptase mAb M24 (Figure 2.1, Total MTP, lanes 

M).  The cells are devoid of activated matriptase as shown by the lack of a band 

recognized by the mAb M69 which can specifically distinguish active matriptase from 

latent matriptase (Figure 2.1, Activated MTP, lanes M).   The cognate inhibitor of 

matriptase, HAI-1, is also expressed by human keratinocytes in monolayer culture, 

detectable in its un-complexed form at 55-kDa detected by HAI-1 mAb M19 (Figure 2.1, 

HAI-1, lanes M).   
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Figure 2.1 Detection of a novel HAI-1 complex in differentiating human 

keratinocytes. 

Primary human keratinocytes were grown in monolayer (M) or in a skin organotypic 

culture system (R).  Cells were harvested on the second or eighth day after they were 

lifted to the air-liquid interface and analyzed by immunoblot for total matriptase (Total 

MTP), activated matriptase (activated MTP), and HAI-1. 
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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 the 

air-liquid interface, significant activation of matriptase occurs, as indicated by the 

appearance of a 120-kDa (activated) matriptase-HAI-1 complex, which can be detected 

by all three mAbs: M24, M69, and M19 (Figure 2.1, 2 days, lanes R).  These data 

suggest that matriptase activation occurs at an early stage of epidermal differentiation.  

Keratinocytes appear to employ HAI-1 to inhibit matriptase in a fashion identical to that 

of other types of epithelial cells, with the active matriptase being rapidly inactivated by 

the formation of a 120-kDa matriptase-HAI-1 complex.  In addition to this species, 

however, we noticed that differentiating keratinocytes also form an 85-kDa HAI-1 

complex (Figure 2.1, 2 days, HAI-1, lane R).  The level of the 85-kDa HAI-1 complex 

detectable in the lysates appeared to be comparable to that of the 120-kDa 

matriptase-HAI-1 complex in epidermal keratinocytes, and yet an 85-kDa HAI-1 

complex has not been reported in other epithelial systems, such as 184 A1N4 mammary 

epithelial cells suggesting that this species is not present in other epithelial systems 
177

.  

Since HAI-1 only binds and forms stable complexes with active but not latent serine 

proteases, the appearance of the 85-kDa HAI-1 complex suggests that a second serine 

protease may become activated and then bound by HAI-1 in differentiating keratinocytes.  

The matriptase-HAI-1 complex and 85-kDa HAI-1 complex were also detected in raft 

culture lysates prepared on the 8
th
 day of culture (Figure 2.1, 8 Days), suggesting that the 

activation of matriptase and the putative second serine protease may be maintained 

during the course of epidermal differentiation.   
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2.4.2 Acid exposure induces simultaneous activation of matriptase and a 

putative serine protease in HaCaT cells 

The appearance of the 85-kDa HAI-1 complex throughout the course of keratinocyte 

differentiation in the organotypic skin culture model might be related to activation of 

matriptase in a keratinocyte-selective manner.  Previously we discovered using other 

epithelial cells that robust matriptase activation can rapidly be induced by simply 

exposing the cells to mildly acidic conditions 
177, 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 of the 70-kDa matriptase 

zymogen to the 120-kDa matriptase-HAI-1 complex (Figure 2.2, 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 the 120-kDa 

matriptase-HAI-1 complex, the 85-kDa HAI-1 complex was also detected in these cells 

in response to the mild acid exposure (Figure 2.2, 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 form of matriptase is greatly 

enhanced at a mildly acidic pH, and this may contribute to matriptase autoactivation 
176

.  

Furthermore, matriptase zymogen activity can also be inhibited by elevated 

concentrations of sodium chloride, as can the autoactivation of matriptase in 184 A1N4 

mammary epithelial cells 
176, 192

.  The HaCaT cells also appear to exhibit the 

NaCl-mediated inhibition of acid-induced matriptase activation since the levels of the 

120-kDa matriptase-HAI-1 complex were significantly reduced in the presence of 

increased NaCl (Figure 2.2, comparing lanes 2 to lanes 3).  Interestingly, sodium  



55 
 

 

Figure 2.2 Acid induced activation of matriptase is associated with the formation of 

a novel 85-kDa HAI -1 complex in immortalized human keratinocytes. 

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 alone (PB, lane 3) for 

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

matriptase (total MTP), activated matriptase (activated MTP) and HAI-1. 
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chloride also significantly suppressed formation of the 85-kDa HAI-1 complex (Figure 

2.2, HAI-1, comparing lane 2 to lane 3).  These data suggest that formation of the 

85-kDa HAI-1 complex may be an event common to keratinocytes and that its 

appearance is associated with matriptase activation.   

2.4.3 Purification of the 85-kDa HAI-1 complex and identification of prostasin 

as a component of the complex 

To identify the putative serine protease that binds to HAI-1 to form the 85-kDa 

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 matriptase-HAI-1 complex using immobilized matriptase mAb 21-9, and 

immunoaffinity chromatography using immobilized HAI-1 mAb M19.  Following these 

procedures, the 85-kDa HAI-1 complex was visualized by Protoblue protein staining of a 

SDS gel under non-boiled and nonreducing conditions (Figure 2.3A, lane 1, a).  

Heat-denaturing the sample resulted in dissociation of the 85-kDa HAI-1 complex, and 

was accompanied by the appearance of bands at 55-kDa and 35-kDa (Figure 2.3, A, lane 

2, b and c, respectively).  The heat-sensitive nature of the 85-kDa complex is consistent 

with the noncovalent interactions between serine proteases and Kunitz-type serine 

protease inhibitors.   In-gel trypsin digestion and MS-based protein identification 

revealed that the 85-kDa protein band contained HAI-1, as expected, and the serine 

protease prostasin (Figure 2.3B).  The constituents of 85-kDa prostasin-HAI-1 complex 

were further confirmed by MS-based protein identification of the bands yielded by 

heat-denaturation of the 85-kDa complex with the 35-kDa band being confirmed as 

prostasin and the 55-kDa band as HAI-1 (Figure 2.3B).  Immunoblot analysis using a  
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Figure 2.3 Identification of prostasin as a component of the novel 85-kDa HAI -1 

complex. 

A. Partially purified 85-kDa HAI-1 complex was analyzed by SDS-PAGE under either 

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

conditions (NR, B) and the proteins bands visualized by staining with ProtoBlue.  B. 

The protein bands indicated by a, b, and c in Figure 3A were subjected to proteomic 

protein identification by MS/MS.  Among the tryptic peptides obtained from protein 

band a, 12 peptides matched to HAI-1 and 6 peptides matched to prostasin.  Thirteen 

peptides obtained from band b matched to HAI-1, and three from band c matched to 

prostasin.  C. The purified 85-kDa 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 the 85-kDa HAI-1 complex contained prostasin 

under nonboiled and nonreducing conditions (Figure 2.3C, lane 1); and that the 35-kDa 

protein band released from heat-denaturing 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 prostasin are rapidly 

inhibited by HAI-1.   

2.4.4 Prostasin 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 shown in Figure 2.2, using the HAI-1 mAb, the 

formation of the prostasin-HAI-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 

antibody, we confirmed that the 85-kDa complex was not detected in HaCaT 

keratinocytes before acid exposure (Figure 2.4, lane 1).  In response to the acid exposure, 

the appearance of the 85-kDa complex can be clearly detected by the prostasin polyclonal 

antibody (Figure 2.4, lane 3), and its appearance is suppressed by the inclusion of NaCl in 

the pH 6.0 buffer (Figure 2.4, lane 2), recapitulating the data generated with the HAI-1 

mAb shown in Figure 2.2.  Since HAI-1 only binds to active serine proteases, formation 

of the prostasin-HAI-1 complex should be at the cost of latent prostasin, in a situation 

similar to the disappearance of 70-kDa latent matriptase and the concomitant appearance 

of 120-kDa matriptase-HAI-1 complex (Figure 2.2).  The prostasin polyclonal 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 matriptase 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 immunoblot analyses for prostasin 

using a prostasin polyclonal antibody.  The lower panel (marked with an asterisk) 

containing proteins near the 35-kDa protein marker shows a longer exposure of the x-film 

to show the levels of latent prostasin. 
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prostasin-HAI-1 complex.  Latent prostasin with a size close to the 35-kDa protein 

marker was clearly detected in HaCaT cells only after exposing the nitrocellulose 

membrane to X-ray film for a longer time (Figure 2.4, lane 1 in low panel).  

Nevertheless, the conversion of prostasin zymogen to active prostasin and inactivation of 

active prostasin by the formation of the 85-kDa HAI-1 complex, results in the levels of 

latent prostasin being significantly decreased in parallel with the formation of the 85-kDa 

complex (Figure 2.4, low panel, comparing lane 3 with lane 1).  The reduction of 

zymogen activation caused by the NaCl (Figure 2.4,lane 2 in low panel), results in latent 

prostasin being detected at intermediate levels (Figure 2.4, lower panel) consistent with 

the partial suppression of the appearance of the 85-kDa complex (Figure 2.4, lower and 

upper panel).  These data clearly demonstrate that prostasin undergoes activation and 

HAI-1 complex formation in keratinocytes in response to acid exposure and that 

matriptase and prostasin activation are tightly coupled. 

Matriptase has been shown to become active through an autoactivation process 
171

, 

and prostasin activation does not occur in the skin of matriptase-deficient mice 
210

.  This 

suggests that matriptase may serve as an upstream activator of prostasin.  To test 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 matriptase-targeting shRNAs, or non-targeting controls (Figure 2.5A, Total MTP, 

49, 52, 53, and NT).  The levels of HAI-1 and prostasin were not altered in these clones 

when compared to the levels in the parental and non-target control cells (Figure 2.5A, 

HAI-1 and Prostasin).  For better detection of prostasin, a commercially 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 HaCaT cells.  HaCaT cells were infected with 

lentiviruses bearing three different matriptase-targeting shRNAs and a non-targeting 

shRNA.  Stable clones were selected with puromycine and cell lysates were analyzed by 

immunoblot for total matriptase (Total MTP), HAI-1 and prostasin.  Total matriptase 

and HAI-1 were detected under nonreducing and nonboiled conditions.  Prostasin was 

detected under reduced and boiled conditions using a prostasin monoclonal antibody.  B. 

Prostasin activation is dependent on matriptase.  The matriptase knockdown clones (49 

and 52) and the non-target 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 prostasin-HAI-1 complex, as an indication of prostasin 

activation, was analyzed by immunoblot using HAI-1 mAb M19. 
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heat-denaturation of the sample prior to SDS-PAGE, which results in dissociation of the 

prostasin-HAI-1 complex.  When matriptase activation was induced by acid exposure of 

the cells, formation of the 85-kDa prostasin-HAI-1 complex along with 120-kDa 

matriptase-HAI-1 complex was clearly observed in the non-target control clone (Figure 

2.5B, NT, comparing lane 2 to lane 1); but was barely detectible in the matriptase 

knockdown clones 49 and 52 (Figure 2.5B, 49 and 52).  These data clearly demonstrate 

that prostasin activation depends on matriptase proteolytic action, providing key evidence 

for a matriptase to prostasin activation cascade.  

2.4.5 Matriptase and prostasin activation kinetics in HaCaT cells 

We further established the ñlockstepò relationship between matriptase activation and 

prostasin activation by comparing their respective activation kinetics in response to acid 

exposure.  As rapidly as 3 to 4 minutes after starting acid exposure, matriptase began to 

become activated, with the active enzyme being immediately inhibited by binding to 

HAI-1 with the appearance of the 120-kDa matriptase-HAI-1 complex detected by both 

matriptase and HAI-1 mAbs (Figure 2.6, Total MTP and HAI-1).  Matriptase activation 

reached a plateau after around 10-15 min of acid exposure as there was almost no latent 

matriptase left at this point (Figure 2.6, Total MTP).  The appearance of the 85-kDa 

prostasin-HAI-1 complex followed similar kinetics to the appearance of the 120-kDa 

matriptase-HAI-1 complex demonstrated using the HAI-1 mAb M19 (Figure 2.6, HAI-1).  

The kinetics of prostasin-HAI-1 complex formation can also be followed using the 

prostasin polyclonal antibody (Figure 2.6, Prostasin).  These kinetic studies demonstrate 

that matriptase activation, prostasin activation, and inhibition of both proteases by HAI-1 

occur at almost the same time in human keratinocytes.  These data provide evidence that  
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Figure 2.6 Activation and HAI -1 binding kinetics of the matriptase-prostasin 

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 lysates were prepared by lysis with 

1% Triton X-100 in PBS and followed by immunoblot analyses for total matriptase (Total 

MTP), HAI-1, and prostasin.   

  



64 
 

in spite of the extremely tight control by HAI-1, the short period in which free active 

matriptase is present; it is able to activate its downstream substrate, prostasin.  

 

2.5 Discussion 

In the present study we investigate how a matriptase-initiated 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 HAI-1.  The 

constitutive activation of the system followed by the immediate HAI-1-mediated 

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 act on its substrate 

even in the presence of very high levels of HAI-1.  The rapid inhibition of active 

prostasin by HAI-1 further indicates that the tight regulation of the matriptase-prostasin 

cascade lies not only at the level of the initiator protease matriptase but also at the 

secondary protease prostasin.  With such a tightly regulated mechanism in which only 

the first two proteases of the cascade have an extremely limited opportunity to act on 

their downstream substrates, it is reasonable to suppose that deregulation of the cascade 

at either one of the two proteases or at their cognate inhibitor HAI-1 would affect the 

entire protease cascade, and in turn derail epidermal differentiation.   

Although several matriptase substrates have been identified based on the cleavage 

preferences of the enzyme, prostasin is the first matriptase substrate for whose activation 

can be demonstrated during the course of matriptaseôs own activation and in the context 
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of rapid HAI-1-mediated inhibition of active matriptase.  The functional linkage 

between matriptase and prostasin activation is consistent with the observation that 

prostasin activation does not occur in the skin of matriptase deficient mice 
210

.  The very 

similar epidermal defects that are observed in matriptase-deficient and prostasin-deficient 

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 deletion.  In 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.  During the development and progression of 

squamous cell carcinoma induced by initiation with 7, 12-dimethylbenzanthracene 

(DMBA) and promotion with phorbol 12-myristate 13-acetate (PMA), matriptase and 

prostasin are eventually expressed in separate parts of the tumors 
194

.  In polarized 

epithelial cells grown in moist environments, matriptase is targeted to basolateral plasma 

membrane and prostasin, a GPI-anchored protein, is likely targeted to the apical plasma 

membrane 
266

.  While a GPI-anchored 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 by HAI-1 

also may not be a universal mechanism.  Prostasin was initially isolated from the 

seminal fluid as an active protease, but not in a HAI-1 complex 
267

.  The epidermis is a 
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specialized epithelium designed to encounter the 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 alter the subcellular distribution of matriptase and 

prostasin and allow matriptase and prostasin to team up to form a relatively 

keratinocyte-selective cell surface protease cascade. 

The epithelial sodium channel (ENaC), a membrane-bound ion-channel, is located in 

the apical membrane of polarized epithelial cells 
268

.  Both prostasin and matriptase have 

been demonstrated to activate ENaC resulting in their alternative names as mouse 

channel activating protease (mCAP) 1 and mCAP 3, respectively 
212

.  Since matriptase 

is targeted to the basolateral membrane in polarized epithelial cells where it is activated 

and immediately inhibited by HAI-1 binding 
269

, it is of interest to determine whether or 

how matriptase could activate the apically localized ENaC.  In contrast to matriptase, 

prostasin is co-localized with ENaC at the apical plasma membrane, and this 

co-localization makes prostasin a more likely candidate protease activator for ENaC in 

polarized epithelial cells.  In contrast to some non-keratinocyte epithelial cells in which 

the inhibition of prostasin by HAI-1 seems less effective, active prostasin in keratinocytes, 

much like active matriptase, is a short-lived species.  It remains to be determined 

whether prostasin is still an effective activator of ENaC in keratinocytes 
270

. 

In conclusion, the matriptase-prostasin proteolytic cascade, a relatively 

keratinocyte-selective, and tightly regulated cell surface proteolysis system, is essential 

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

inhibitor HAI-1 are likely co-localized and anchored at the cell membrane.  In response 
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to activation stimuli, such as acid exposure or signals of epidermal tissue differentiation, 

the matriptase zymogen undergoes autoactivation mediated via the formation of a 

homodimer that generates active matriptase that in turn rapidly activates prostasin.  Both 

active matriptase and active prostasin likely also rapidly activate downstream substrates 

before HAI-1 moves in and inhibits both proteases and suppresses the activity of the 

proteolytic cascade.  Although HAI-1 contains two Kunitz domains, Kunitz domain 1 at 

the N-terminus is likely responsible for the inhibition 
271

.  We summarize these 

molecular events associated with activation and inactivation of the protease cascade in 

Figure 2.7.  The unprecedented tight control of this cell surface proteolytic cascade 

allows keratinocytes to undergo differentiation through a precisely programmed 

mechanism.     
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Figure 2.7 The model for the regulation of matriptase-prostasin proteolytic cascade. 

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

presented.  Both matriptase and prostasin are synthesized as single chain zymogens and 

anchored on cell membrane.  Matriptase undergoes autoactivation via the interaction of 

two zymogen molecules to generate active matriptase.  Active matriptase subsequently 

activates prostasin and the downstream substrates.  Both active matriptase and active 

prostasin are short-lived due to the rapid HAI-1-meidated inhibition.      
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Chapter 3  ï Antithrombin regulates matriptase-mediated keratinocyte 

pericellular proteolysis involved in plasminogen activation, syndecan 

shedding, and activation of hepatocyte growth factor  
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3.1 Abstract 

Matriptase, a tightly regulated membrane-associated serine protease, plays an 

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

GPI-anchored serine protease prostasin into an active protease.  The 

matriptase-prostasin proteolytic cascade is tightly regulated by the membrane-bound 

serine protease inhibitor HAI-1 so that matriptase autoactivation and prostasin activation 

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

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

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

environment, the 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 of keratinocytes.  The binding of antithrombin to the surface of keratinocytes 

requires the serpin inhibitor with functional heparin binding site Lys-125 and 

N-glycosylation site Asn-135 unoccupied.  This suggests that beta-antithrombin, but not 

the alpha antithrombin, 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 inhibitor in 
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both cells.  In contrast, in keratinocytes antithrombin could inhibit matriptase as much 

as 30% of active matriptase inhibited by HAI-1.  Taken together, keratinocytes employ 

two different serine protease inhibitors to control two different sets of matriptase 

substrate activation and processing: 1) HAI-1 for 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 differentiation 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 significant pericellular 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 

process enzyme co-factors, ECM components, structure proteins, and adhesion molecules 

109, 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 disorders include lysosomal proteases, cathepsins C, D and L 
111-114

, two 
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membrane-associated serine proteases, matriptase and prostasin 
115-117

, and caspase-14 
118, 

119
.  In addition to proteases, protease inhibitors clearly also function in skin disorders.  

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

These include the serine protease inhibitors, lymphoepithelial Kazal-type-related 

inhibitors (LEKTI) 
123

 and hepatocyte growth factor activator inhibitor (HAI-1) 
124

, and 

the lysosomal cysteine protease inhibitor, cystatin M/E 
125, 126

. 

 Among these proteases and protease inhibitors involved in skin functions, matriptase, 

prostasin, and HAI-1 are functionally linked and form a tightly controlled protease 

network.  Matriptase, a type II transmembrane serine protease (TTSP), functions as an 

initiator protease that undergoes autoactivation to convert matriptase zymogen to active 

matriptase.  Active matriptase, in turn, activates prostasin, a 

glycosylphosphatidylinositol (GPI)-anchored serine protease.  The functional linkage 

between the two cell surface serine proteases has been manifested by ready identical skin 

defects in mice with targeted deletion of both proteases and the lack of active prostasin in 

the skin of matriptase knockout mice.  The functional linkage is also corroborated in 

cultured human keratinocytes in which loss of prostasin activation is the consequence of 

the knockdown of matriptase expression  
193

.  A remarkable feature of the regulation of 

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, Kunitz-type serine protease, is 

co-expressed and co-localized with matriptase with an unusual HAI-1:matriptase protein 

ratio of more than 10:1 in most epithelial and carcinoma cells 
261

.  In addition, HAI-1 is 

required for proper matriptase synthesis and intracellular trafficking out of the 

endoplasmic reticulum 
259

.  Furthermore, HAI-1 appears to participate in matriptase 

autoactivation.  As a consequence, active matriptase is inhibited by HAI-1 as rapidly as 

the active matriptase is generated, as if both matriptase activation and inhibition take 

place at the same time.  Remarkably, with such a short life span, active matriptase is still 

able to activate prostasin 
193

.  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 mice models 
115, 116, 124

.   

 In addition to prostasin, matriptase is also involved in activation of uPA and 

hepatocyte growth factor (HGF) 
154, 208

.  HGF activation by matriptase and subsequent 

induction of the cMET pathway is likely the mechanism involved in the development of 

spontaneous squamous cell carcinomas in matriptase transgenic mice 
217

.  The activation 

of uPA by matriptase in monocytes significantly reduces the time required for the 

initiation of the reciprocal zymogen activation between uPA zymogen and plasminogen 

162
.  In contrast to prostasin that is co-expressed and co-localized with matriptase on the 
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plasma membrane of keratinocytes, both uPA and HGF are secreted, either 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 span, the 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 a proportion of 

active matriptase escapes from HAI-1 inhibition by rapidly shedding into the 

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 further discovered that the levels of shed 

active matriptase are inversely regulated by the levels of membrane-bound antithrombin 

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

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

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

matriptase functions in keratinocytes: 1) the integral membrane, Kunitz-type inhibitor 

HAI-1 for prostasin activation and 2) the HSPG-bound serpin-type inhibitor antithrombin 

for the activation of 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 via different protease inhibitors, subcellular 

localization, and life span of active matriptase could allow the activation and processing 

of these matriptase substrates in a controllable manner.   

 

3.3 Materials and Methods 

3.3.1 Reagent 

Horseradish peroxidase (HRP)-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 from Pall Corp. (Pensacola, 

FL), Boc-Gln-Ala-Arg-AMC was purchased from Enzo Life Sciences (Farmingdale, NY) 

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

Dithiothreitol (DTT) was purchased from Sigma-Aldrich (St. Louis, MD).  Protoblue 

was purchased from National Diagnostics (Atlanta, GE).  Dulbeccoôs 

phosphate-buffered saline (DPBS) was obtained from Mediatech Inc. (Manassas, VA).  

HGF was prepared as described previously 
272

. 

3.3.2 Antibodies 
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Three types of antibodies were used to detect matriptase.  The mouse monoclonal 

antibody (mAb) M24 and rat mAb 21-9 recognize both latent and activated forms of 

matriptase 
155, 160, 177, 193

; rabbit polyclonal antibody matriptase/ST14 (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 recognizes 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 HAI-1 mAb M19 

155
.  Hepatocyte growth factor 

(HGF) protein was detected using a goat polyclonal antibody (Santa Cruz, Santa Cruz, 

CA) that recognizes the beta subunit of HGF.  Antithrombin was detected using a goat 

polyclonal antibody (R&D, anti-serpin C1, Minneapolis, MN).  Syndecan-1 was 

determined by a goat polyclonal antibody (R&D, Minneapolis, MN).   

3.3.3 Cell cultures 

HaCaT cells were maintained in Dulbeccoôs Modified Eagle Medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS, heat-inactivated), 100 units/ml 

penicillin, and 100 mg/ml streptomycin.  184 A1N4 cells were maintained in 

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

RWPE1 cells were maintained in RPMI 1640 with 10% FBS, 100 units/ml penicillin, and 
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100 mg/ml streptomycin.  Human primary keratinocytes were maintained in 

keratinocyte-SFM (Invitrogen) supplemented with bovine pituitary extract (20-30 mg/ml), 

recombinant epidermal growth factor (rEGF, 0.1-0.2 ng/ml), 100 units/ml penicillin, and 

100 mg/ml streptomycin.   

3.3.4 Acid-induced matriptase activation 

HaCaT cells were washed with DPBS and incubated in DPBS, as control, or 

phosphate buffer (PB), pH 6.0 for 30 minutes at room temperature (RT), as described 

previously 
193

. Conditioned buffers were concentrated up to 100 folds for immunoblot or 

matriptase activity assay.  Cell were harvested and lyzed in 1% Triton X-100 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 the non-catalytic domain of matriptase. 

3.3.5 Purification of active matriptase 

Acid-induced matriptase activation was performed using HaCaT cells and the 

conditioned buffers were collected and concentrated.  The 70-kDa active matriptase was 

purified from the conditioned buffers by immunodepletion to remove the 

matriptase/HAI-1 complex using immobilized HAI-1 mAb M19 and immunoaffinity 
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chromatography using immobilized matriptase mAb M69.  The concentration of active 

matriptase was determined by active site titration as previously described 
273

.  

3.3.6 Protease activity assay 

The activity of matriptase or plasmin was measured by the level of 

7-Amino-4-methylcoumarin (AMC) released by the proteases. For matriptase activity, 

the conditioned buffers were concentrated up to 100 folds using Amicon Ultra-4 

centrifugal filter units (Millipore, Billerica, MA). Five microliters of the concentrated 

samples were used to measure matriptase activity using Boc-Gln-Ala-Arg-AMC as 

substrate. For plasmin activity, 10
4
/well primary keratinocytes were seeded in 96-well 

plate.  The next day, the cells were incubated with PBS, as control, or pH 6.0 buffer for 

matriptase activation followed by neutralizing by 2M Trizma base to pH 7.5 and adding 

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 nm.   For gelatin 

zymography, protein samples were incubated with 5X SDS sample buffer containing no 

reducing agent and incubated at RT.  The proteins were resolved in 

SDS-polyacrylamide gel electrophoresis (SDSïPAGE) 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 and incubated in Tris buffer pH 8.0 at 37ʕ overnight.  

The gels were stained by ProtoBlue.   

3.3.7 Activation of pro-HGF 

Five micrograms of pro-HGF were mixed with different amounts of active 

matriptase (0-400 pM) with or without HaCaT cells followed by incubating at 37ϴ for 

30 min.  The samples were subjected to immunoblot analyses.  

3.3.8 Immunoblot 

The protein extracts were mixed with 5X SDS loading buffer in the absence or 

presence of reducing agents and incubated either at RT or at 95ϴ for 5 min.  Protein 

samples were resolved by 7.5% SDS-PAGE and transferred to nitrocellulose membranes. 

The membranes were probed with the desired antibodies and a HRP conjugated 

secondary antibody, followed by signal detection with Western Lightning 

Chemiluminescence Reagent Plus.    

3.3.9 Antithrombin binding assay 

HaCaT cells were incubated in basal medium for 30 min in CO2 incubator 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 antithrombin were assessed by 

immunoblot. 

3.3.10 Purification and identification of 110-kDa matriptase complexes 

The 110-kDa matriptase complexes were generated along with the activation of 

matriptase by HaCaT cells by treating the cells with phosphate buffer, pH 6.0 for 30 min 

at RT.  The conditioned buffers were collected and concentrated.  The 110-kDa 

matriptase complexes were purified by sizing column using HPLC (Beckman) with a 

Biosuite 250 sizing column at a flow rate of 2 ml/min, immunodepletion to remove the 

matriptase/HAI-1 complex using immobilized HAI-1 mAb M19, and immunoaffinity 

chromatography using immobilized matriptase mAb 21-9 to capture the 110-kDa 

matriptase complex.  Both immunodepletion and immunopurification were previously 

described 
193, 261

.  The 110-kDa complexes and other bound proteins were eluted from 

the mAb 21-9 immunoaffinity column by 0.1 M glycine buffer, pH 2.4 and immediately 

neutralized by 2 M Trizma base.   The eluate was resolved by SDS-PAGE and the 

protein bands were stained with Protoblue.    The two protein bands around 110-kDa 

were sliced out, in-gel digested with trypsin and analyzed by liquid chromatography/mass 

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

3.3.11 Syndecan-1 shedding 



 81 

HaCaT cells were washed with DPBS and incubated with increasing amount of 

active matriptase in basal medium in CO2 incubator for 30 min.  After incubation, the 

conditioned media were collected and analyzed for the amount of syndecan-1 shedding 

using dot blot assay. 

 

3.4 Results 

3.4.1 Active matriptase is either rapidly inhibited by HAI-1 or shed from cell 

surface of human keratinocytes  

In our previous study with a minute scale kinetic analysis right after the induction of 

matriptase zymogen activation, an unusual tight control of the matriptase-prostasin 

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 in Figure 3.1A, the extracellular acidosis converted the 70-kDa 

matriptase zymogen into the 120-kDa (activated) matriptase-HAI-1 complex (Acid, 

comparing lane 1 with lane 2).  Using HAI-1 mAb, in addition to the matriptase-HAI-1 

complex, prostasin-HAI-1 complex with a size close to the 100-kDa marker also 

appeared along with matriptase activation (Figure 3.1A, 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 human keratinocyte.  

A. Human keratinocyte HaCaT cells were either incubated with PBS (C) as a control or a 

pH 6.0 buffer (Acid, A) or CoCl2 in basal medium (CoCl2, A) to induce activation of 

matriptase.  Cell lysates were analyzed by immunoblot for matriptase (MTP) or HAI-1 

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

activation.  The cells and the conditioned buffer together (Combined), the cells alone 
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(Cellular) and the conditioned buffer alone (Shed) were analyzed for matriptase activity 

using a matriptase synthetic fluorescent substrate, Boc-Gln-Ala-Arg-AMC.  Data are 

representative of four independent experiments done under similar conditions.  C. The 

conditioned buffer was subjected to immunoprecipitation with an activated matriptase 

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

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

Boc-Gln-Ala-Arg-AMC.  Data are representative of three independent experiments done 

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

pH 6.0 buffer to induce matriptase activation.  The conditioned buffer was collected and 

subjected to gelatin zymography.  
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HaCaT human keratinocytes with cobalt chloride (Figure 3.1A, CoCl2) and human 

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

coupled zymogen activation and the inhibition of active protease is a common 

phenomenon for the matriptase-prostasin-HAI-1 proteolysis network regardless of the 

extracellular stimuli for the induction of matriptase activation.   

Despite the rapid inhibition by HAI-1, strong proteolytic activity, assessed by the 

cleavage of Boc-Gln-Ala-Arg-AMC, a commonly used synthetic matriptase substrate, 

was also generated along with matriptase autoactivation (Figure 3.1B, 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 detected in the shed 

fraction (Figure 3.1B, Shed) and almost no activity was detected in the cells (Figure 3.1B, 

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

proteolytic activity that could then be recovered from the immobilized matriptase mAb, 

confirming the proteolytic activity being derived from the active matriptase (Figure 3.1C). 

The generation of active matriptase was further confirmed by gelatin zymography (Figure 

3.1D). Strong gelatinolytic activity with the expected size of 70-kDa, active matriptase, 

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

not in the non-activation control.  The activated matriptase with two different fates was 
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also seen in the plasminogen-induced matriptase activation in primary human 

keratinocytes (Chapter 5).  Much weaker matriptase activity was detected in the 

conditioned media for the CoCl2-treated cells due to the fact that activation of matriptase 

induced by CoCl2 was at much lower levels compared to the pH 6.0 buffer. 

3.4.2 The pericellular active matriptase can activate pro-HGF and accelerate 

plasminogen activation 

Since the activation and the inhibition of matriptase-prostasin cascade by HAI-1 has 

been well documented 
193

, we have focused on the functional and regulational aspects of 

the shed active matriptase in the current study.  First, we investigated whether the 

secreted active matriptase could activate and process substrates in the pericellular 

environments.  We are particularly interested in whether HAI-1 on the cell surface 

would affect the activity of active matriptase.  Incubation with increasing amounts at 

0-400 pM of active matriptase with pro-HGF in test tube resulted in rapid conversion of 

single-chain pro-HGF into two-chain active HGF in a dose dependent manner (Figure 

3.2A, left panel).  Similar effects were also observed with pro-HGF activation by active 

matriptase when both active matriptase and pro-HGF were incubated with HaCaT 

keratinocytes (Figure 3.2A, right panel).  These data suggest that despite the abundance 

of HAI-1 on the cell surface, an active matriptase is able to activate pro-HGF 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. Pro-HGF was incubated with increasing amounts of active matriptase, as indicated, 

either with or without HaCaT cells at 37
o
C 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 with DPBS (No Activation) or a 

pH 6.0 buffer (Activation) to induce activation of matriptase, after which the buffer on 

the cells was adjusted to pH 7.5.  PLG (50 nM) was then added to the cells and the 

generation of plasmin was monitored by the cleavage of a plasmin synthetic fluorescent 

substrate, Boc-Val-Leu-Lys-AMC.  Data are representative of three independent 

experiments done under similar conditions.  C. Primary human keratinocytes were 

incubated with a pH 6.0 buffer to induce matriptase activation, followed by buffering to 

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 cleavage of 

Boc-Val-Leu-Lys-AMC.  Data are representative of four independent experiments done 

under similar conditions.   
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potency compared to that seen in the absence of HAI-1. 

We have further tested whether active matriptase can enhance plasminogen 

activation since matriptase has been recognized as a potent activator of pro-urokinase 

plasminogen activator (pro-uPA).  Since HaCaT cells appear to express high levels of 

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

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

burst of plasmin generation, a phenomenon known as a ñreciprocal zymogen activationò.  

The trace plasmin in the plasminogen preparation slowly initiates pro-uPA activation and 

the newly generated 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 burst of plasmin production.  In order to test whether active 

matriptase in the pericellular environment could affect plasminogen activation, matriptase 

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

plasminogen to the primary human keratinocytes.  The production of plasmin was 

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

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

fluoresce per min.   As shown in Figure 3.2B, it required almost 40 min for the 
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activation of plasminogen to begin to take off in the absence of active matriptase (Figure 

3.2B, No Activation).  In contrast, in the presence of active matriptase, the lag phase 

was shortened by about 25 minutes (Figure 3.2B, Activation).   

The matriptase-accelerated plasminogen activation appears to require the 

pericellular environment.  While the combination of the cells and shed active matriptase 

caused robust plasminogen activation (Figure 3.2C, Combined), neither the shed fractions 

alone (Figure 3.2C, Shed) nor the cells alone (Figure 3.2C, Cellular) accelerate 

plasminogen activation.  These data suggest that the shed active matriptase can return 

back to the cell surface to activate plasminogen activator and accelerate the reciprocal 

zymogen activation.  Furthermore, the plasminogen activator was not activated in the 

process of acid-induced matriptase activation, a situation different from prostasin, in 

which it can be activated simultaneously during acid incubation.          

3.4.3 Identification of antithrombin as a significant inhibitor of matriptase in 

human keratinocytes 

 In analogy with the cellular activated matriptase that is under control by HAI-1, the 

shed active matriptase is also under control by a serine protease inhibitor.  The 

regulation of shed active matriptase was initially noticed by the presence of a 110-kDa 

matriptase complex in the conditioned buffer (Figure 3.3A, HaCaT, arrow).   
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Figure 3.3 Identification of antithromb in as a component of the novel 110-kDa 

matriptase complex. 

A. Human keratinocytes (HaCaT), mammary (184 A1N4) and prostate (RWPE1) 

epithelial cells were incubated with a pH 6.0 buffer to induce matriptase activation.  The 

conditioned buffers (S) were concentrated and total cell lysates (T) were analyzed by 

immunoblot for total matriptase.  Arrow indicated 110-kDa matriptase complex.  B. 

HaCaT cells were incubated with a pH 6.0 buffer and the cell lysates and the conditioned 

buffers were collected at indicated time points (minutes).  Samples were subjected to 

immunoblot analyses for total matriptase.  C. Left panel: Partial purified 110-kDa 
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matriptase complex was analyzed by SDS-PAGE under nonreducing and boiled 

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

The boiling treatment decreased the migration rate of the 110-kDa matriptase complex on 

SDS-PAGE to near the 130-kDa marker.  The protein bands indicated as a and b were 

subjected to proteomic protein identification by MS/MS (see Figure 5 for sequence data).  

Middle and right panels: HaCaT cells were incubated with human serum followed by a 

pH 6.0 buffer for matriptase activation.  Cell lysates and the concentrated shed fractions 

were subjected to immunoblot analyses for total matriptase (Total MTP) and 

antithrombin (AT).   
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Interestingly, keratinocytes shed the 110-kDa matriptase species at relatively much higher 

levels compared to mammary (184 A1N4) and prostate (RWPE1) epithelial cells.   The 

shedding of the 110-kDa species apparently closely follows the kinetics of activation of 

matriptase:  Matriptase activation begins at the two min post induction of activation, as 

the matriptase-HAI-1 complex began to appear, and reaches a plateau 10 min later 

(Figure 3.3B, Cell lysate); the shedding of the 110-kDa species begins at 6 min and 

accumulates to high levels for few minutes after the completion of matriptase activation 

(Figure 3.3B, Shedding).  The 110-kDa matriptase complex is likely to be a 

matriptase-serpin complex due to 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 protein (Figure 3.4), as we have shown in the previous 

studies 
163

 also confirms complex formation.    

 To identify the putative serpin inhibitor that binds to matriptase to form the 110-kDa 

complex in keratinocytes, the complex was isolated using a combination of a sizing 

column using HPLC, immunodepletion to remove the matriptase-HAI-1 complex using 

immobilized HAI-1 mAb M19 and immunoaffinity chromatography using immobilized 

matriptase mAb 21-9.  Following these procedures, the purified proteins were resolved 

by SDS-PAGE under non-reducing and boiled conditions.  Several protein bands were  
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Figure 3.4 The keratinocyte-selected 110-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 (Total MTP) or a commercial polyclonal antibody, ST14, 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 

matriptase-serpin complexes after boil or reduce the sample.  The shed matriptase-serpin 
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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 matriptase-serpin complexes with reducing 

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

non-catalytic domain of activated matriptase is dissociated by the incubation with 

reducing agents.   
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obtained and two protein bands around 130-kDa protein marker were suspected to be the 

matriptase complex (Figure 3.3C, 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 matriptase, as expected, and the serpin inhibitor antithrombin.  

The sequence information can be found in the Figure 3.5.  In order to validate this 

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

serum followed by inducing matriptase activation with mildly acidic buffer.  

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

(Figure 3.3C, middle panel, Total MTP) and an antithrombin antibody (Figure 3.3C, right 

panel, AT) demonstrated that the 110-kDa species was recogized by both antibodies.  

These data confirmed that the 110-kDa matriptase complex in the conditioned buffer 

indeed contained antithrombin (Figure 3.3C, lanes 2).  Interestingly, a 

matriptase-antithrombin complex was also detected at very low level in the cell lysate 

(Figure 3.3C, lanes 1), suggesting that the vast majority of matriptase-antithrombin 

complex have been rapidly shed from the cell surface upon the complex formation. 
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Figure 3.5 Identification of antithr ombin as a component of the novel 110-kDa 

matriptase complex. 

The protein bands indicated by a and b in Figure 3C, left panel, were subjected to 

proteomic protein identification by MS/MS.  Among the tryptic peptides obtained from 

protein band a, 10 peptides matched to matriptase and 18 peptides matched to 

antithrombin.  Ten peptides obtained from b matched to matriptase and 20 matched to 

antithrombin.  These amino acid sequences were presented using a single letter with the 

sequence numbers at the beginnings and the ends of each peptide.   
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3.4.4 Binidng 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, antithrombin 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 Lys-125 residue of antithrombin provides the initial 

binding to the charateristic pentasaccharide in heparin.  The initial binding is further 

strengthened by ensuing conformational changes in antithrombin.  A recombinant 

antithrombin bearing a point mutation at the initial heparin binding residue Lys-125 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 

antithrombin mutant (Figure 3.6A, lane 1, K125M).  In addition, human serum contains 

two antithrombin species: an Ŭ-antithrombin (more than 90%) which is a major form with 

oligosaccharide side chains occupying all four glycosylation sites and the minor form, 

ɓ-antithrombin (5-10%) with an unoccupied Asn-135 residue.  Exposing human 

keratinocytes to the antithrombin pool purified from human serum, resulted in cellular 

retention of some antithrombin (Figure 3.6A, lane 2, Serum AT). Since ɓ-antithrombin  
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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 were incubated with basal medium at 37ʕ for 30 min, in order to reduce 

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

antithrombin variants at 37ʕ for 5 min.  Cell lysates were extracted and subjected to 

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

HaCaT cells by incubation cells with basal medium at 37ʕ for 30 min.  Cells were then 

replenished with three different antithrombin preparations, as indicated, followed by 

induction of matriptase activation using a pH 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 assayed for 

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

three antithrombin preparations, as indicated, using the matriptase fluorescent substrate, 

Boc-Gln-Ala-Arg-AMC.  Data was done in triplicate and is a representative example of 



 99 

three independent experiments. 
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exhibits stronger heparin binding than Ŭ-antithrombin, the minor antithormbin in serum 

may represent the species bound to the cells.  This hypothesis was supported by the fact 

that antithrombin Asn-135 mutant exhibits strong retention to keratinocytes (Figure 3.6A, 

lane 3, N135Q).  Taken together, these data suggest that the heparin binding affinity of 

antithrombin plays an important role in its retention on the cell surface. 

In contrast to HAI-1 which is co-expressed and co-localized with matriptase at an 

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 

increased 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 into the extracellular millieu.  The different binding affinity to 

the keratinocyte cell surface between Ŭ- and ɓ-antithrombin enabled us to evaluate the 

impact of antithrombin on the pericellular matriptase activity.  This is particularly 

relevant for keratinocytes in which antithrombin plays a much more significant role in 

controlling matriptase as compared to other breast and prostate epithelial cells (Figure 

3.3A).  To test this hypothesis, keratinocytes were first exposed to the same amounts of 

1) antithrombin K125M mutant, 2) antithrombin purified from human serum which 

contains predominantly Ŭ-antithrombin and 3) antithrombin N135Q mutant, the 
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ɓ-antithrombin equivalent.  After washing away the excessive unbound antithrombins, 

the cells were exposed to a pH 6.0 buffer to induce matriptase activation.  Both cell 

lysates and shed fractions were analyzed by immunblot for matriptase and antithrmbin 

(Figure 3.6B).  Matriptase proteolytic activity in the shed fractions was also analysed 

(Figure 3.6C).  Matriptase activation and formation of 120-kDa matriptase-HAI-1 

complex were not affected by the different levels of antithrombin bound to the cells 

(Figure 3.6B, left panel, lanes 1, 2 and 3).  The levels of matriptase-antithrombin 

complex in both cell lysates and the shed fractions were correlated with the levels of 

antithrombin bound to the cells.  More importantly, the levels of shed active matriptase 

were inversely correlated with the levels of antithrombin bound to the cells (Figure 3.6C).   

These data suggest that antithrombin through binding to the cell surface can regulate the 

levels of shed active matriptase.  

3.4.5 Extracellular active matriptase can shed syndecan-1         

Given that cell surface HSPGs could serve as the binding sites for antithrombin, the 

rapid inhibition of active matriptase by antithrombin suggests that matriptase activation 

might take place in close proximity to HSPGs.  While TIMP-3-sensitive 

metalloproteases, such as MMP-7, play a major role in ectodomain shedding of 

syndecans 1 and 4, the previous studies also showed that syndecans 1 and 4 can be shed 
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by trypsin-like serine proteases, such as plasmin.  Given that matriptase exhibits potent 

trypsin-like activity and due to close proximity to the cell surface HSPGs, we have 

hypothesized that matriptase might be able to shed syndecans.  To test this, we added 

purified active matriptase back to human keratinocytes and examined the level of 

syndecan-1 shed in the conditioned media.  As shown in Figure 3.7, increasing amounts 

of syndecan-1 were shed into the conditioned medium along with the increasing levels of 

active matriptase added to the cells.   It is worthwhile to note that matriptase is a much 

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

proteases and metalloprotease, such as plasmin and MMP-7 based on the concentrations 

used (1 nM versus 60.24 mM for plasmin and 50 nM for MMP-7) and the incubation time 

(30 min versus 16h for plasmin and 30 min for MMP-7) 
274, 275

.     

 

3.5 Discussion 

  Previous studies have revealed that matriptase activity is inhibited by two different 

types of serine protease inhibitors: the membrane-bound, 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 matriptase-HAI-1 and 

matriptase-antithrombin complexes were initially purified and identified from human  
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Figure 3.7 Syndecan-1 can be robustly shed by active matriptase. 

HaCaT cells were incubated with increasing active matriptase, as indicated, at 37ʕ for 

30 min.  The conditioned media were collected and subjected to dot blot analysis for 

syndecan-1. 
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milk.  It has been a mystery how matriptase-expressing cells adapt antithrombin as a 

physiological inhibitor against matriptase when considering the fact that most of these 

cells express HAI-1 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 processing by matriptase: HAI-1 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 matriptase by both protease inhibitors, several important 

features and differences in matriptase inhibition have been observed.  Although both 

antithrombin and HAI-1 inhibit matriptase on the cell surface, antithrombin, but not 

HAI-1, is responsible for the levels of active matriptase shed into extracellular milieu.  

With the relatively prolonged lifespan, the extracellular active matriptase is able to 

activate and process secreted substrates, such as pro-uPA and pro-HGF.  The 

extracellular active matriptase could also act on substrates anchored on the cell surface, 

leading to shedding of HSPGs (Figure 3.7) and activation of PAR-2 
207

.  In contrast to 

the extracellular active matriptase, the cellular active matriptase is a short-lived species, 

supported by the lack of cellular matriptase proteolytic activity detected in the cells with 

robust matriptase activation.  The short lifespan of cellular active matriptase is the 
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consequence of the excess ratio of HAI-1 to matriptase, the potency of HAI-1 inhibitory 

activity against matriptase, and the co-localization of HAI-1 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 keratinocytes.   Although 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 HAI-1 in matriptase 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 HAI-1 exerts temporal and 

spatial control to ensure the proteolytic activities of matriptase and prostasin targeting a 

limited number of substrates without spill-over to other cellular proteins.    

While antithrombin is commonly employed by epithelial cells to control matriptase 

activity 
163

, keratinocytes are apparently unique among epithelial cells in terms of the 

extent that antithrombin contributes to matriptase inhibition.  As shown in Figure 3.3A, 

the ratio of matriptase-antithrombin complex to matriptase-HAI-1 complex in both cell 

lysates and the conditioned buffer are negligible in both mammary and prosate epithelial 

cells.  Although the matriptase-antithrombin:matriptase-HAI-1 ratio in HaCaT 

keratinocytes varies from experiment to experiment, the ratio is estimated to be around 
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1:2 (Figure 3.3A) or 1:3 (Figure 3.3B).  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 accommodation 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 HAI-1 as an essential and indispensible partner.  The partnership 

between matriptase and HAI-1 is established not only by their widespread co-expression 

in epithelial tissues and co-localization in the secretory pathway and the cell surface 

subdomains but also by the functional relationship beyond protease-antiprotease one.  

HAI-1 has been shown to participate in matriptase synthesis, intracellular trafficking and 

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

defects associated with HAI-1 deletion with simultaneous matriptase deletion in several 

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

physiologically relevant in the stratified epithelium but less important in the simple 

epithelium.  Despite their widespread co-exprssion in many epithelial tissues, 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 prior to their arrival at different subdomains 
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of the cell surface of polarized epithelial cells, this mechanism would be less important 

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

surface.  In contrast to polarized epithelial 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 

keratinocyte-selective partnetship between the TTSP and the GPI-anchored serine 

protease.  Thirdly, HAI-1 as an inhibitor which must simultaneously suppress both 

matriptase and prostasin, the availibility of HAI-1 for matriptase in keratinocytes should 

significantly decrease compared to that in polarized epithelial cells in which the 

HAI-1:matriptase ratio could be up to 14.  Fourthly, the reduced availability of HAI -1 to 

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

to control matriptase 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 might be an 

inevitable consequence of the histological modification for stratified epithelium.  Finally, 

the availibility of antithrombin on the cell surface depends on cell surface HSPGs and the 

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

keratinocyte-selective mechanism 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 3.8, we have summarized these functional and regulatory 

modifications and adaptation of matriptase along with the histological modification 

between simple and stratified epithelium. 

In conclusion, we have provided evidence that keratinocytes employ two protease 

inhibitors, HAI-1 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 HAI-1 and the events following 

matriptase activation in the simple/polarized and the stratified epithelium is schematically 

presented.  In simple/polarized epithelium, matriptase is targeted to the basolateral 

surface and prostasin is targeted to the apical surface but HAI-1 interacts with both cell 

surface subdomains.  The polarized expression of matriptase and prostasin is, however, 

likely not present in stratified epithelium, and as such matriptase gains access to prostasin.   
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When massive matriptase activation is induced, active matriptase is rapidly inhibited by 

nearby HAI-1 and the shortly-lived active matriptase can act on prostasin only in 

keratinocytes but not in polarized epithelial cells, due to the differential subcellular 

distributions of matriptase and prostasin between the two epithelia.  Active prostasin is 

also rapidly inhibited by HAI-1 by forming a complex.  A proportion of active 

matriptase is shed from the cell surface, becoming evident in the stratified epithelial cells, 

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

inhibition of active matriptase by membrane-bound antithrombin via cell surface heparan 

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

stratified epithelial cells but not in polarized epithelial cells.  The escaped active 

matriptase then can work on its substrates, such as PAR-2, pro-uPA, pro-HGF, and 

syndecans. 
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Chapter 4  ï 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 matriptase are the causative 

mechanism underlying two rare congenital ichthyoses, ARIH and IFAH.  Mouse models 

with deletion or insufficient matriptase phenocopy the histological abnormality and 

reveal prostasin as the molecular target of matriptase responsible for the epidermal 

defects and HAI-1 as the indispensible inhibitor required for matriptase skin functions.  

Human-relevant models, however, are necessary for the further investigation to gain 

mechanistic insights into the role of matriptase in skin barrier functions and human skin 

disease as there are significant differences in the syndrome severity caused by matriptase 

deletion: uniformly postnatal death in mice but mild skin pathology in humans.  In our 

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

activation state are investigated in human skin, oral epithelium, and during keratinocyte 

differentiation and epidermal tissue regeneration using an in vitro skin organotypic 

culture model.  Our data reveals that human matriptase is expressed in both basal and 

spinous keratinocytes and the highest zymogen activation is seen in keratinocytes from 

the bulge area of hair, suspected to contain skin stem cells.   This is in stark contrast to 

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

highest expression in the outermost living keratinocytes.   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 corroborated 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 regeneration in the skin organotypic culture suggest that 

matriptase actively participates in ñactiveò keratinocytes but not in relative quiescent 

cells in the skin.  Dysregulated matriptase activity in skin bulge stem cells could, 

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

       

4.2 Introduction  

Genetic defects in type 2 transmembrane serine protease matriptase have been 

recently identified as a causative abnormality underlying the two rare forms of congenital 

ichthyosis, autosomal recessive ichthyosis with hypotrichosis (ARIH, OMIM 610765) 

and ichthyosis, follicular atrophoderma, hypotrichosis and hypohidrosis (IFAH, 

OMIM602400) 
120-122

.  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 ichthyoses 
276

.  The defects in the skin barrier function for 

ichthyosis pathogenesis are always associated 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 envelope and keratin-filaggrin degradation products 
276

. The disturbed 

profilaggrin processing, rather than the formation of lamellar granules and cornified cell 

envelope, appears to be the principal contributor to impaired skin barrier which is 

manifested in patients with matriptase mutation 
122

.   Histological and ultrastructural 

analyses further revealed that the impaired degradation of corneodesmosomes and 

thickened stratum spinosum (acanthosis) and stratum corneum are associated with the 

skin in ARIH 
120

. The degradation of both corneodesmosomes and profilaggrin requires 

intensive proteolysis.  Since the potential localization of the matriptase, either the 

corneodesmosomes or the keratohyalin granules, remains to be elucidated, 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 matriptase 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 maintenance 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 revealed mechanistic 

insights for the role of matriptase in skin barrier function.  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 role in the loss of epidermal barrier function in the skin of matriptase 

knockout mice 
120-122, 159

.  The study of matriptase knockout mice also uncovers a 

prostasin, a glycosylphosphatidylinositol (GPI)-anchored serine protease, as a molecular 

target of matriptase responsible for the epidermal defects caused by matriptase deficiency 

in mice 
210

.  Lack of prostasin activation is also seen in the skin of IFAH patients 
122

.  

The functional linkage between the two membrane-bound serine proteases can also be 

demonstrated in immortalized human keratinocytes in which prostasin zymogen 

activation depends on matriptase 
193

.  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 same time 
193

.  Interestingly, the 

targeted deletion of HAI-1 in mice also causes ichthyosis-like skin with aberrant 

pro-filaggrin processing, acanthosis and enhanced Akt phosphorylation 
124

.  The 
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matriptase-prostasin-HAI-1 cell surface protease network, therefore, is an essential 

program for skin barrier function.       

Mice models appear to be an excellent tool to study the physiological 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 mechanism for matriptase 

between human and rodent.  This is particularly true for the matriptase hypomorphic 

mouse model which phenocopies AIHR patients 
120, 195

.  However, a less severe, 

non-life threatening clinical phenotype was observed in the patients with deletion of 

matriptase caused by frame-shift or splice-site mutation in matriptase in IFAH patients as 

compared to the uniformly postnatal death in matriptase knockout mice 
115, 122

.  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 human-relevant models to investigate and provide mechanistic 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 an in vitro skin organotypic culture model in 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 the activated matriptase from the 

inactivated matriptase zymogen.  Our data revealed that human matriptase is expressed 

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

matriptase in the terminally differentiated keratinocytes was clearly 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 likely to be 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 expression.   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 keratinocytes.  The state of matriptase 

zymogen activation provides possible mechanistic insights to the pathology ARIH and 

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

 

4.3 Material and Methods 

4.3.1 Cell lines and Cell cultures 
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Human primary keratinocytes were obtained from neonatal foreskin and maintained 

in Keratinocyte-SFM (Invitrogen) supplemented with bovine pituitary extract (20-30 

mg/ml), recombinant epidermal growth factor (rEGF, 0.1-0.2 ng/ml), 100 units/ml 

penicillin, and 100 mg/ml streptomycin.  Human keratinocyte HaCaT cells were 

maintained in Dulbeccoôs Modified Eagle Medium (DMEM, Mediatech Inc., Manassas, 

VA) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Gemini, West 

Sacramento, CA), 100 units/ml penicillin, and 100 mg/ml streptomycin.  HaCaT cells 

with matriptase-targeting and non-targeting control small hairpin RNAs (shRNA) were 

generated as previously described 
193

 and maintained in DMEM supplemented with 10% 

FBS, 2 mg/ml puromycin, 100 units/ml penicillin, and 100 mg/ml streptomycin.  The 

stably basal-like state HaCaT cells were generated by culturing HaCaT cells in completed 

Keratinocyte-SFM, which contains only 0.03mM calcium, for at least one month as 

previously described 
277, 278

.  This stably basal-like state HaCaT cells were switched 

from low calcium completed Keratinocyte-SFM to high calcium completed DMEM in 

order to induce differentiation 
277

.  All cells were incubated in a humidified incubator at 

37ʕ with 5% CO2. 

4.3.2 Antibodies 

    The total matriptase monoclonal antibody (mAb) M24 and the activated matriptase 
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mAb M69 were generated using matriptase-HAI-1 complex as described previously 
155

.  

The total matriptase mAb M24 recognizes both latent and activated forms of matriptase 

155, 160, 177, 193
.  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.  Human HAI-1 protein was 

detected using the HAI-1 mAb M19 
155, 193

.  

4.3.3 Immunoblot 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 
177, 193

.  Proteins for immunoblot analyses were prepared from cell cultures 

by washing the cells with dulbeccoôs phosphate-buffered saline (DPBS) for three times 

followed by dissolving cells in 1% Triton X-100 in DPBS.  Insoluble debris was 

removed by centrifugation, and the protein concentration was determined using Bradford 

(Sigma-Aldrich, St. Louis, MD) according to the manufacturerôs instructions.  Samples 

containing the same amount of total protein were diluted with 5X sample buffer in the 

absence of reducing agent and resolved by 7.5% SDS-polyacrylamide gel electrophoresis 

(SDS-PAGE) followed by transferring to nitrocellulose membrane (Pall Corp., Pensacola, 

FL).  The membranes were probed with the desired monoclonal 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).   

4.3.4 Organotypic culture 

Organotypic rafts were generated based on the protocol described previously with 

minor revision 
193, 264, 265

.  Briefly, Type I collagen (BD Biosciences, Bedford, MA) 

plugs with 7.5x10
4
 human primary fibroblasts per plug were prepared in 6-well cell 

culture inserts (BD Biosciences) and incubated for 2-5 days.  A total of 10
6
 primary 

keratinocytes were applied to each center of collagen plug and incubated for 1-4 days.  

Differentiation of the rafts was initiated by lifting them to the air-liquid interface. 

4.3.5 Immunohistochemistry 

Immunohistochemical staining was performed as previously described with minor 

modification (Dako, CA) 
279

.  Paraffin-embedded human skin equivalents sections and 

normal human skin sections were stained using the total matriptase mAb M24, activated 

matriptase mAb M69, and HAI-1 mAb M19.  HRP-labeled anti-mouse IgG and the 

substrate, diaminobenzidine (DAB), were used for the detection of positive staining.  

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

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

HaCaT cells bearing matriptase-targeting and non-targeting were seeded into 6-well 

plates at 10
4
 cells 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 subsequently stained with 0.5% crystal 

violet solution containing 20% methanol in DPBS for 10 min.  After removing excess 

stain by washing cells with ddH2O, the crystal violet stained cells were dissolved in 2 ml 

of a 1% SDS solution and agitated plates on an orbital shaker until color is uniform with 

no areas of dense coloration in bottom of wells.  The optical density of the extracted dye 

was read with a spectrophotometer (Bechman, DTX 880) at 595 nm.  The optical 

density measurements give a relative number of viable cells present at the time the dye 

was added and were normalized to the reading on Day 1.   

4.3.7 Real-time polymerase chain reaction (PCR) 

For each sample, total RNA was extracted from cells using Trizol reagent 

(Invitrogen) following the manufacturerôs 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 were air-dried 

and dissolved in ddH2O.  One microgram of total RNA was treated with DNase and 



 122 

used for cDNA synthesis.  The cDNA synthesis step included a control reaction without 

reverse transcriptase.  Real-time PCR reactions were conducted using SYBR green and 

gene-specific primers (Supplementary Table S1) and normalized to GAPDH as an 

internal control.  The real-time PCR reactions were as follows: for 2 min at 50ʕ and for 

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

1 min.   

 

4.4 Results       

4.4.1 Matriptase expression and distribution in skin organotypic culture  

Primary human keratinocytes maintained in low Ca
2+

 culture medium express both 

matriptase and HAI-1 as determined by immunoblot analysis when grown in monolayer 

(Figure 4.1A).  These data suggest that the proliferating keratinocytes express the cell 

surface serine protease and its cognate inhibitor.  In order to study whether and how 

epidermal differentiation regulates the expression of matriptase and HAI-1, we examined 

the distribution profile of the expression of matriptase and HAI-1 using organotypic skin 

cultures. In this in vitro skin model system, the proliferating keratinocytes are induced to 

undergo differentiation by growing them in medium containing high Ca
2+

 and on the 

interface between fibroblast-primed collagen matrix and air (Figure 4.1B and C). The  
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Figure 4.1 Expression of matriptase and HAI-1 in human primary keratinocyte and 

cellular localization of matriptase and HAI-1 in skin equivalents. 

A. Protein expressions of matriptase and HAI-1 in human primary keratinocyte were 

analyzed by immunoblot using total matriptase mAb M24 and HAI-1 mAb M19, 

respectively.  B and C. Cellular localization of total matriptase (Total MTP) and HAI-1 

(HAI-1) in skin equivalents.  The skin equivalents on Day 0, 3, 5, and 9 after lifting 

them to an air-liquid 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 counterstained blue with hematoxylin.  Scale bar: 20 mm. 
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skin raft replicates the processes of epidermal differentiation and tissue regeneration.  

Both matriptase and HAI-1 are still expressed by primary human keratinocytes after their 

growth in the epi-medium that contains 1.5 mM Ca
2+

 and in contact with 

fibroblast-primed collagen matrix for some of these keratinocytes for 3 days.  Both 

matriptase and HAI-1 were detected on the cell surface in all layers of the cells on day 

zero when the keratinocytes were lifted to the air-liquid interface (Figure 4.1B and C, 

Day 0).  These data suggest that the keratinocytes at the earlier differentiation stage 

induced by Ca
2+

 and the contact with collagen matrix, apparently still maintain the serine 

protease system.  However, by Day 3, loss of matriptase expression begins to occur at 

the outermost layer of keratinocytes whose nuclei have become slightly condensed and 

elongated (Figure 4.1B, Day 3).  By Day 5, when there is robust differentiation, the 

expression of matriptase and HAI-1 is confined to the keratinocyte layers nearest the 

collagen matrix (Figure 4.1B and C, Day 5).  There was no detectable matriptase but 

HAI-1 was still seen at reduced levels in the superficial layers which contain the 

keratinocytes either with condensed 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 HAI-1 were maintained at the same level.   This analysis reveals that 

expression of matriptase and HAI-1 is differentiation-dependent.  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 matriptase expression at the Day 9 of the keratinocyte raft 

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

4.2).  In human skin epidermis, matriptase is expressed at high levels at cell-cell 

junctions in the basal layer (SB) 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), bordering on the cornified layer (SC), in which matriptase was 

also negative (Figure 4.2B).  Despite the abundance of matriptase in epidermis, we did 

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

positive staining was occasionally seen or using much higher concentrations of this mAb 

(Figure 4.2D).  The loss of matriptase expression in the late stage of keratinocyte 

differentiation is also seen in the oral epithelium (Figure 4.3A).  Oral mucosa contains 

stratified epithelium 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 

physiological 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 skin were stained with hematoxylin and eosin (H&E) 

or immunostained with desired monoclonal antibodies.  A. H&E staining of normal 

human skin.  B. Immunoreactivity of total matriptase detected using mAb M32 (Total 

MTP).  C. Immunoreactivity of HAI-1 detected using 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: 25 mm.  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 analyses of paraffin-embedded human oral mucosa using total 

matriptase mAb M24 (A. Total MTP) and HAI-1 mAb M19 (B. HAI-1).  A negative 

control using Mouse IgG was also performed (not shown).  Nuclei were counterstained 

blue with hematoxylin.  Scale bar: 50 mm.  SS-SL: stratum spinosum-surface layer.  SS: 

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

 The distribution profile of HAI-1 expression in the in vitro raft culture and in vivo 

human epidermis and oral epithelium is almost identical to matriptase, suggesting that the 

close functional linkage between the protease and the anti-matriptase are well maintained 

during the differentiation process.  An interesting exception was, nevertheless, noticed.  

While matriptase expression in human skin is decreasing in the SG, HAI-1 was detected 

at high levels in this epidermal layer.  Furthermore, the subcellular distribution of HAI-1 

appears to be altered in these keratinocytes. While HAI-1 was seen at the cell-cell 

junctions in most keratinocyte layers, the protease inhibitor was detected in the cytoplasm 

of keratinocytes in the SG.  These data suggest that HAI-1 might still play an active role 

in the late stage of epidermal differentiation by inhibiting other proteases than matriptase, 

likely in the granules of the SG.   

4.4.2 Elevated matriptase activation during epidermal tissue regeneration and in 

the epidermal stem cell 

 Like most serine proteases, matriptase is synthesized as a single-chain zymogen and 

acquires its full proteolytic activity only after converting into a two-chain 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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antibodies that apparently recognized 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 consequence, the end product of matriptase zymogen activation is the 

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

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

and immunoblot analysis using matriptase mAbs and HAI-1 mAb (Figure 4.4A).  

HaCaT keratinocytes express matriptase in its zymogen form as a 70-kDa protein band 

detected by matriptase mAb (Figure 4.4A, Total MTP, lane 1).  Matriptase zymogen in 

response to extracellular acidosis can be converted into active matriptase that is rapidly 

inhibited by HAI-1 by forming an inactive complex at 120-kDa.  The 120-kDa 

matriptase-HAI-1 complex can be detected by both matriptase and HAI-1 mAbs (Figure 

4.4A, lanes 2).  The unique activated matriptase mAb detected only the 120-kDa 

matriptase-HAI-1 complex, but not matriptase zymogen nor the HAI-1-prostasin complex 

(Figure 4.4A, Activated MTP, lane 2).  Using this unique activated matriptase 

monoclonal antibody, we have examined the activation status of matriptase 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 (lanes 2) for 30 

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

matriptase (Total MTP), activated matriptase (Activated MTP), and HAI-1 (HAI-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 HAI-1 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 hematoxylin.  C. A higher 

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

presented. 
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(Figure 4.4B) which contains the stem cells of the skin.  A higher magnification of the 

bulge area revealed that the activated matriptase was localized on the cell membrane 

(Figure 4.4C).  This data suggest that while matriptase is not particularly active in the 

resting state of the human skin, the membrane-bound serine protease becomes very active 

and could play important roles in the epidermal stem cells.   

4.4.3 Role of matriptase in keratinocyte proliferation and differentiation 

 A diminishing matriptase expression level in the granular layer of the human skin 

indicates that the human matriptase may not play 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 human epidermis.  This hypothesis is further supported by the 

enhanced matriptase activation in the epidermal stem cells (Figure 4.4).  To test this 

hypothesis, we first generated HaCaT clones in which the level of matriptase expression 

had been suppressed by transduction with lentiviruses carrying matriptase-targeting 

shRNAs, or non-targeting controls (Figure 4.5A).  When the growth rates of both 

HaCaT clones were compared to the matriptase knockdown clone, we have observed a 

slower growth rate than the non-target control clone by 37.5% at day 5 (Figure 4.5B).  

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 proliferation.  

A. Matriptase knockdown cell lines.  Expression of matriptase and HAI-1 in the cell 

lines with matriptase-targeting (49 and 52) or non-targeting control (NT) shRNA were 

examined by immunoblot analyses using total matriptase mAb M24 (Total MTP) and 

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

Growth curves of HaCaT cells with matriptase-targeting (MTP knockdown) and 

non-targeting control (Non-target) shRNAs estimated by the crystal violet staining assay.  

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

The results presented are from one experiment representative of the four performed.  C. 

Matriptase plays a role in early differentiation of human keratinocytes.  Real-time PCR 

analyses of matriptase, HAI-1, K1, K10, and involucrin mRNA expression in the 

basal-like and differentiated HaCaT cells with matriptase-targeting (MTP KD) and 
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non-targeting control (NT) shRNAs are shown as bar graphs.  Bar graphs representing 

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

the figure.  Mean values ± SD (n=4).      
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keratinocytes. 

 To test whether matriptase expression might affect the differentiation of human 

keratinocytes, the expression levels of differentiation marker mRNAs, including keratin 1 

(K1), keratin 10 (K10), and involucrin were determined in the matriptase knockdown and 

the non-target clones.  For this testing, both HaCaT clones were maintained in media 

containing high or low calcium ions to force cells into proliferating or differentiating 

states, respectively 
277

.   The expression levels of both keratins 1 and 10 were observed 

in the non-target clones maintained only in media with high calcium, but not in media 

with low calcium (Figure 4.5C, panels c and d).  Likewise, the high calcium media also 

increased the expression of involucrin (Figure 4.5C, panel e).  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 non-target control clone (Figure 4.5 C, panels c 

and d).  Likewise, high calcium failed to increase the expression of involucrin in the 

matriptase knockdown clone (Figure 4.5C, panel e).  These data suggest that matriptase 

could affect the differentiation of human keratinocytes.  The expression of matriptase 

itself appears to be regulated by differentiation since the higher matriptase expression 

was observed in keratinocytes grown in media containing high calcium (Figure 4.5C, 
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panel a).  In contrast, the expression of HAI-1 was not affected as much as these 

differentiation markers by matriptase knockdown and calcium-induced differentiation.    

        

4.5 Discussion 

 The studies of human genetic disorders reveal the importance of matriptase in human 

skin.  In the current studies, we have provided mechanistic insights regarding the roles 

played by matriptase in human skin.  By considering that the highest levels of 

matriptase zymogen activation were observed in the keratinocytes residing in the bulge 

area of hair follicles of the human skin, matriptase activity might be actively utilized by 

skin stem cells.   It is interesting to speculate that matriptase dysregulation mutations in 

patients with ARIH or IFAH might be distantly related to the reduced matriptase activity 

in these keratinocytes around the bulge area.  Matriptase 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 subpopulations of keratinocytes: 1) stem 

cells, 2) transit amplifying cells, and 3) post-mitotic differentiating cells 
11, 17

.  

Expression of matriptase among these subpopulations of basal keratinocytes might not 

show obvious difference as a relatively homogenous expression 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 produce daughter cells to 

replenish the epidermis through differentiation.  Once differentiated, the keratinocytes 

move toward the spinous layer, and continue to differentiate from one layer to the other to 

the final layer, stratum corneum 
7, 14

.  Given the high expression of matriptase 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 analysis in 

which the matriptase expression was reduced by shRNA, supports this hypothesis as the 

keratinocytes expressing less matriptase grow more slowly and express much less of the 

differentiation markers, K1, K10 and involucrin in response to the differentiation agent 

Ca
2+

 than the control (Figure 4.5C).  The reduced matriptase zymogen activation in the 

basal keratinocytes, as compared to the bulge cells, could result from the fact that the 

stem cells in the basal layer of epidermis remain quiescent and have a long cell cycle 
280

.   

 We have shown in previous studies that matriptase zymogen activation is turned on 

rapidly and robustly early in skin organotypic culture.  This suggests that matriptase 

activity might play an important role in the epidermal tissue regeneration and contribute 

to the early differentiation of keratinocytes 
193

.  Furthermore, increased matriptase 

zymogen activation in the basal keratinocytes has been 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 diseases 
196

.  These data suggest that matriptase 

activity is dynamically regulated in response to the disease development and progression.  

Hence, the fact that active matriptase zymogen activation is not seen in the resting 

epidermis should not be used as evidence to suggest a dispensable role of matriptase in 

skin.   Previously, we have shown that matriptase zymogen activation can be induced 

by a variety of extracellular stimuli, including reactive oxygen species and extracellular 

acidosis 
177, 196

.  These known and possible other unknown stimuli of matriptase 

zymogen activation might be produced over the course of epidermal tissue regeneration 

and skin disease development.  In the resting skin, these extracellular stimuli might be 

limited and, likewise, matriptase zymogen activation is turned on only at very limited rate.   

Taken together, our previous and current data suggest that in the established and resting 

skin, matriptase might function in the emergency program system in response to acute 

conditions rather than as a housekeeping activity to maintain epidermal homeostasis.     

 In contrast to the roles played by matriptase 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 cornified layers.    Expression analysis of human skin and oral 



 138 

mucosa reveals a decreasing matriptase expression when keratinocytes travel 

superficially toward the granular layer which is completely lost in the cornified layer of 

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

from the in vitro skin organotypic culture in which matriptase expression in keratinocytes 

is dynamically regulated and begins to disappear when the keratinocytes become 

differentiated with condensed and elongated nuclei (Figure 4.1B).  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 corneodesmosomes, both of which have been observed in ARIH 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, HAI-1 might 

play active roles 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, HAI-1, therefore, 

might have a better chance than matriptase in directly regulating profilaggrin processing 

in the keratohyalin granules and lipid matrix formation in the lamellar granules.       
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 In summary, we have provided several lines of evidence to support the hypothesis that 

dysregulated matriptase in ARIH and IFAH could occur in the skin stem cells 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 defects in the stratum corneum 

barrier.   
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Chapter 5  ï Plasminogen-dependent matriptase zymogen activation 

accelerates pericellular plasmin generation in differentiating primary 

human keratinocytes   
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5.1 Abstract 

Pericellular plasmin generation through urokinase-type plasminogen activator (uPA) 

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 activates pro-uPA and shortens 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 type-specific manner.  The functional linkage 

between matriptase and plasminogen is initially thought to be one-directional: from 

matriptase through uPA to plasminogen.  However, in the current study, we have found 

that primary human keratinocytes primed with Ca
2+

 become responsive to serum for rapid 

matriptase activation through plasminogens.  Sub-pM plasminogen is sufficient to 

induce matriptase activation, and acting on the cell surface, suggesting an outside-in 

signaling mechanism.  Along with matriptase activation, a proportion of active 

matriptase is shed into extracellular milieu and returns to the cell surface to accelerate 

plasminogen activation.  The novel activity of plasminogen as a matriptase activation 

inducer and subsequently as an accelerator of plasmin generation reveals 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 in concert with Ca
2+

 to rapidly 

and robustly stimulate keratinocytes to activate matriptase, this unusual combination of 

the prominent keratinocyte differentiation agents and the proteolytic system provides 

keratinocytes with a timely and effective way to generate plasmin at an early stage of 

wound healing.  In normal intact human skin, the established Ca
2+

 gradient and the lack 

of expression of uPA and uPAR would keep the proteolytic system inactive.  These 

well-coordinated regulatory mechanisms allow keratinocytes to precisely generate 

plasmin when needed.     

  

5.2 Introduction  

During epithelial wound healing, one critical step for the correct epithelialization of 

keratinocytes is to precisely switch on the plasminogen activator (PA)/plasmin system, 

which starts from activation of PA and leads to the generation of plasmin from its 

zymogen, plasminogen.  Plasmin, a potent serine protease, is not only required for the 

dissolution of fibrin clots and removal of necrotic tissue along the path of keratinocyte 

migration during wound healing, but is also involved in migration of keratinocytes and 

inflammatory cells, activation and release of growth factors 
281, 282

, activation of matrix 
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metalloproteases 
210

, angiogenesis 
283

, and collagen remodeling 
284, 285

.  The regulation 

of the PA/plasmin system plays multiple 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 keratinocytes) and its membrane receptor, uPAR, on 

keratinocytes only in the outgrowing epithelial sheet in healing wound 
286-290

, 

plasminogen activation is able to temporally and spatially respond to tissue damage and 

specifically target to the subsequent repair processes.  However, the exact mechanism by 

which what initiates the PA/plasmin system is still unclear.  Fulfilling the regulatory 

mechanism of this delicate protease cascade might allow us to reveal the possible causes 

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 

plasminogen 
291

.  Plasmin itself is a potent activator of pro-uPA (the zymogen of uPA).  

The newly generated plasmin, therefore, coverts pro-uPA to active uPA and initiates 

reciprocal zymogen activation.  As a result, a burst of 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 zymogen activation, 
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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 II transmembrane serine protease matriptase can 

generate active uPA through a plasmin-independent mechanism 
162

.  Matriptase is also 

synthesized as a single-chain zymogen and is activated by cleavage at the activation 

motif and the formation of a two-chain active enzyme.  Though this canonical activation 

process is conserved in the vast majority of serine proteases, including uPA and 

plasminogen, activation of matriptase is characterized by an autoactivation.  The 

autoactivation is a unique feature of the initiator proteases in protease cascades.  

Therefore, as the initiator protease, matriptase activation can be triggered via 

microenvironmental changes and cell type-selective extracellular stimuli.  For example, 

the intrinsic activity of matriptase zymogen can be enhanced under mildly acidic 

environment 
176

;  hence, matriptase activation can be seen in cells under acidic 

environments, such as during inflammation 
196

.  Moreover, exposing cells to mildly 

acidic buffer represents a ubiquitous way to rapidly and robustly stimulate matriptase 

activation in almost all matriptase-expressing cells 
163, 193, 261, 273, 292

.  In addition to 

extracellular acidosis, matriptase-expressing cells can also activate matriptase in response 

to cell type-specific extracellular stimuli, such as exposing lysophospholipids to 
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mammary epithelial cells and androgens to LNCaP prostate cancer cells 
182, 184

.  

Matriptase is also a well-known activator for pro-uPA, though its intrinsic activity to 

activate pro-uPA is relatively poor compared with plasmin 
162

.  However, matriptase is 

responsible for the specific activation of uPAR-bound pro-uPA at the cell surface, and 

can significantly decrease the lag phase required for the burst of plasminogen activation 

162
.  The role of matriptase in plasmin generation through activation of uPAR-bound 

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 matriptase-uPA-plasmin pericellular protease 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 cascade.  The keratinocyte-selective 

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 activation in keratinocytes, which revises the 

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 Ca
2+

 into a differentiating state, led us to discover the 
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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 suggests that the enzymatic activity of plasmin is not the 

reason for 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 transduce outside-in 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 lag phase of the PA/plasmin reciprocal zymogen activation 

is shortened.  In summary, our study reveals that the matriptase-uPA-plasmin protease 

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

with a positive feedback loop, 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 confer to keratinocytes a timely and efficient way to 

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

 

5.3 Material and Methods 

5.3.1 Reagents 
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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 column, 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 Sigma-Aldrich (St. Louis, MD).  Actinomycin D, 

cycloheximidine, and Ro-31-8220 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-Gln-Ala-Arg-AMC was purchased from Enzo Life Sciences (Farmingdale, NY) and 

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

Protoblue was obtained from National Diagnostics (Atlanta, GE).  6-aminohexanoic 

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

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

F3226-1197 and F3226-1198, were purchased from Ambinter (Paris, France).   

5.3.2 Cell culture 

Human primary keratinocytes were isolated from foreskin and maintained in the 

Keratinocyte SFM (Invitrogen) supplemented with 20-30 mg/ml bovine pituitary extract, 

0.1-0.2 ng/ml recombinant epidermal growth factor, 100 units/ml penicillin, and 100 
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mg/ml streptomycin.  Immortalized basal-like human keratinocytes HaCaT were 

generated as previously described 
277, 278

.  Briefly, HaCaT cells were switched from a 

high calcium medium, Dulbeccoôs Modified Eagle Medium (Mediatech Inc., Manassas, 

VA) supplemented with 10% fetal bovine serum (FBS), to a low calcium medium, 

Keratinocyte SFM medium for at least one month.  All cells were maintained in a 

humidified incubator at 37ʕ with 5% CO2. 

5.3.3 Purification of serum factor and identification 

The factor(s) in the FBS which can induce matriptase activation was purified using 

conventional chromatographs as shown in Figure 5.7A.  FBS was loaded onto Cibacron 

Blue 3GA column followed by washing 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 Tris-HCl, pH 7.4 at 25ʕ using a HiPrep 26/10 desalting column.  The desalted 

sample was loaded onto a DEAE-sepharose fast flow column pre-equilibrated with 20 

mM Tris-HCl, 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 mM Tris-HCl, pH 

7.4.  The protein band from SDS-PAGE gels stained with Protoblue was excised, 

washed, destained, and trypsinized overnight at 37ʕ  using 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). 

5.3.4 Immunoblot 

The concentration of proteins 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% SDS-polyacrylamide gel and transferred 

to nitrocellulose membranes (Pall Corp, Pensacola, FL).  The membranes were probed 

with a monoclonal antibody (mAb) M24, which can recognize both the zymogen form 

and activated form of matriptase.  A HRP-conjugated secondary antibody (Kirkegaard & 

Perry Laboratories, Gaithersburg, MD) was applied to the membranes followed by signal 

detection with Western Lightning Chemiluminescence Reagent Plus (PerkinElmer Life 

Sciences, Waltham, MA).   

5.3.5 Protease 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 
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temperature followed by neutralizing the pH back to 8.0.  The conditioned buffers were 

used to measure matriptase activity using the matriptase synthetic fluorescent substrate, 

Boc-Gln-Ala-Arg-AMC.  For plasmin activity in Figure 5.10B, 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 activity was monitored by a plasmin synthetic fluorescent substrate, 

Boc-Val-Leu-Lys-AMC.  The plasmin activities in the rest of the figures were measured 

under the treatments described in figure legends using a plasmin synthetic fluorescent 

substrate, Boc-Val-Leu-Lys-AMC. 

 

5.4 Results      

5.4.1 Interplay of calcium ions and serum stimulates primary human 

keratinocytes to activate matriptase.   

Previously we have demonstrated that the matriptase-prostasin proteolytic cascade is 

activated at the early stage of epidermal differentiation and tissue regeneration in a 

3-dimensional skin organotypic culture using primary human keratinocytes 
193

.  In 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 activity of matriptase activation in a 2-dimentional culture system.   We 

noticed that a combination of the epidermal differentiation agent, calcium ions (Ca
2+

), 

and serum are sufficient to stimulate primary keratinocytes to activate matriptase in 

monolayer culture (Figure 5.1A, lane 3).  Like other epithelial cells in which matriptase 

is expressed primarily in its mature zymogen form that is detected as a 70-kDa protein 

band by Western blot, primary human keratinocytes grown in low Ca
2+

 medium also 

express matriptase in its zymogen form (Figure 5.1 A lane 1).  In contrast to skin 

organotypic culture, activation of matriptase was not induced by the differentiation agent 

Ca
2+

 alone in monolayer culture (Figure 5.1A lane 2).  When low levels of fetal bovine 

serum (2%) was added to the culture medium containing 0.2 mM Ca
2+

, activation of 

matriptase becomes evident as shown by the appearance of (activated) matriptase-HAI-1 

complex with a size of 120-kDa (Figure 5.1A, lane 3).  The serum factor(s) that 

stimulates matriptase activation is apparently not a lipid-based small molecule and cannot 

be absorbed by charcoal (Figure 5.1A, lane 4), but is susceptible to heating (Figure 5.1A, 

lane 5).  These data suggest that in the presence of epidermal differentiation agent Ca
2+

 

and a serum factor(s), likely a protein, can activate matriptase in primary human 

keratinocytes.  Interestingly, immortalized basal-like human keratinocytes HaCaT do not 

respond to the combination of Ca
2+

 and FBS to activate matriptase (Figure 5.1B).  
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Figure 5.1 The serum factor-induced 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), or 0.2 mM calcium plus 2% FBS (FBS), or 0.2 mM calcium plus 

2% charcoal-stripped FBS (Charcoal FBS), or 0.2 mM calcium plus 2% heat-treated FBS 

(Boiled FBS) followed by immunoblot analyses using a total matriptase mAb M24.  B. 

The basal-like human immortalized 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.   



 153 

 A combination of Ca
2+

 and FBS is apparently required for significant matriptase 

activation.  When keratinocytes were grown in medium supplemented with Ca
2+

 alone 

up to 1.5 mM or with FBS alone up to 2%, activation of matriptase was not detected or 

detected at very low levels (Figure 5.2).  In contrast, a combination of both stimulates 

significant matriptase activation (Figure 5.2).  These data suggest that Ca
2+

 and serum 

work in concert to stimulate keratinocytes to activate matriptase.   

 The sequence of treatment with Ca
2+

 and serum is also important for matriptase 

activation.  Activation of matriptase can only be induced by pre-treating the cells with 

Ca
2+

 followed by serum; a reverse treatment with serum first followed by Ca
2+

 failed to 

stimulate matriptase activation (Figure 5.3A).   These data suggest that Ca
2+

 and the 

serum factor(s) play different, but coordinated roles in stimulation of matriptase 

activation.  The differential role of Ca
2+

 and serum were further revealed by the different 

time requirements for Ca
2+

 and serum.  After the cells were pretreated with Ca
2+

 (0.2 

mM) overnight, it took as little as 30 min for serum to stimulate matriptase activation and 

the level of matriptase-HAI-1 complex reached a plateau 1 hr after treatment (Figure 

5.3B).   In contrast, in order to induce significant matriptase activation by serum, the 

cells must be pretreated with Ca
2+

 for at least 8 hrs (Figure 5.3C).  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 were harvested 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 primary 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 replaced with 0.2 mM calcium (HS->Ca) 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 M24.  B. Human 

primary keratinocytes were incubated 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 primary 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 were analyzed by immunoblot using a total 

matriptase mAb M24. 
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response to serum only after the cells are primed with Ca
2+

.  Given that Ca
2+

 induces 

keratinocyte differentiation, the requisite role of Ca
2+

 priming in serum-induced 

matriptase activation suggests that differentiating, but not proliferating, keratinocytes can 

turn on the matriptase-mediated cell surface proteolytic cascade in response to serum.                  

 The longer time requirement for Ca
2+

 priming suggests de novo protein synthesis 

might be involved in Ca
2+

 priming; in contrast, FBS-induced 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 Ca
2+

 and HS in a dose-dependent manner 

(Figure 5.4).   

 Extracellular Ca
2+

 induces many cellular and molecular events, including elevating 

intracellular Ca
2+

and the activation of protein kinase C (PKC) and phosphatidylinositol 

3-kinases (PI3Ks).  These extracellular Ca
2+

-induced signaling pathways are apparently 

involved in the serum-induced matriptase activation, as pretreatment of the cells with 

intracellular calcium chelator BAPTA-AM (Figure 5.5A), PKC inhibitor Ro-31-8220 

(Figure 5.5B), and PI3K inhibitor LY294002 (Figure 5.5C) inhibit the subsequent 

serum-induced matriptase activation.  However, the calcium channel blockers, 

verapamil and nifedipine, cannot block the activation of matriptase under the stimulation  
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Figure 5.4 De novo protein synthesis is required for serum/calcium-induced 

activation of matriptase. 

A. Primary human keratinocytes were incubated 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) for overnight.  Variant amounts of actinomycin D were 

pre-treated to human primary keratinocyte for 30 min followed by adding calcium 

concentration to 0.2 mM calcium (Ca+HS) for overnight.  The 0.2 mM calcium-treated 

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.  B. Primary 

human keratinocytes were incubated 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) for overnight.  Variant amounts of cycloheximidine were pre-treated to 

human primary keratinocyte for 30 min followed by adding calcium concentration to 0.2 
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mM calcium (Ca+HS) for overnight.  The 0.2 mM calcium-treated 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/calcium-induced activation of matriptase requires elevating 

intracellular calcium and activation of protein kinase C (PKC) and 

phosphatidylinositol 3-kinases (PI3Ks). 

A. Primary human keratinocytes were incubated with 0.2 mM calcium alone (Ca) or 

pre-incubated with variant amounts of BAPTA-AM, an intracellular chelator, for 30 min 

followed by 0.2 mM calcium overnight and 2% human serum for another 2 h.  B. 

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

human serum alone (HS), or 0.2 mM calcium alone (Ca), or pre-treated with variant 

amount of Ro-31-8220, a PKC inhibitor, for 30 min followed by 0.2 mM calcium 

overnight and 2% human serum for another 2 h.  C. Primary human 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, for 30 min 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 Ca
2+

 and plasminogen, and calcium ionophores, A23187 and X537A which increase 

intracellular Ca
2+

 levels, cannot replace the function of extracellular Ca
2+ 

(Figure 5.6). 

5.4.2 Plasminogen, the serum factor that induces matriptase activation in 

primary human keratinocytes 

The serum factor(s) that induces matriptase activation was purified and identified 

from fetal bovine serum by a purification scheme, including Cibacron Blue 3GA, DEAE 

chromatography and HiPrep Q XL using FPLC (Figure 5.7A).  In the Q XL elutions, the 

matriptase activation activity was identified in the column fractions ranging from # 4 

through #36 and separated into two groups (Figure 5.7B).  The protein profile of these 

positive fractions revealed that the activity may be derived from a 75-kDa protein that 

also was detected in multiple fractions with matriptase activation activity.  More 

importantly, the 75-kDa protein was also eluted into two groups with their distribution 

matching the matriptase activation activity (Figure 5.7C).  Since the purity of the 

75-kDa protein in the fraction #8 is near homogeneity without clear contaminated 

proteins as determined by SDS-PAGE using highly concentrated sample, we conclude 

that the 75-kDa protein is likely the serum factor that induces matriptase activation.  The 

75-kDa protein is likely a secreted single-chain protein with multiple pairs of disulfide 

linkages as heating treatment did not cause a change 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 pre-incubated with A23187 or X537A at different 

concentrations for overnight followed by 2% human serum (HS) for another 2 h.  C and 

D. Primary keratinocytes were pre-incubated with verapamil or nifedipine 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 keratinocytes is presented.  B. Primary human keratinocytes 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 immunoblot 

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 centrifugal filter unit 
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and protein bands were stained with Protoblue. 
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treatment significantly reduced its migration rate in SDS-PAGE (Figure 5.7D).    

 The 75-kDa protein was subjected to protein identification via in-gel trypsin 

digestion, tandem mass spectrometry (MS/MS) and data base searches.  Nine obtained 

tryptic fragments matched to bovine plasminogen, suggesting that the 75-kDa protein is 

plasminogen (Figure 5.8A).  The purification and identification of plasminogen via 

conventional liquid chromatography was further confirmed by commercial available 

human glu-plasminogen (Figure 5.8B, PLG+Ca).  Plasminogen contains an lysine 

binding site 
293, 294

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

be displaced by 6-aminohexanoic acid (6-AHA) 
295

.  For proper and rapid plasminogen 

activation, binding to the cell surface is required.  Hence, incubating keratinocytes with 

6-AHA might prevent the plasminogen from binding to the cell surface and subsequently 

activating matriptase.  Indeed, 6-AHA can suppress the plasminogen-induced matriptase 

activation (Figure 5.8B, 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 active form of plasminogen, plays no role in matriptase activation 

(Figure 5.9A).  Furthermore, matriptase activation can be induced by plasminogen at a  
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Figure 5.8 Plasminogen is the serum factor that induces matriptase activation in 

primary human keratinocytes and its effect can be inhibited by 6-AHA.  

A. Identified peptide sequences of the serum factor ï plasminogen.  B. Matriptase 

activation can be blocked by 6-AHA.  Primary human keratinocytes were incubated 

with 0.09 mM calcium (C), or 0.2 mM calcium alone (Ca), or 0.1 M 6-AHA alone 

(6-AHA), or a combination of 0.2 mM calcium and 0.1 M 6-AHA (6-AHA+Ca), or a 

combination of 0.1 M 6-AHA and 1 mg/ml plasminogen (6-AHA+PLG), or a 

combination of 0.2 mM calcium and 1 mg/ml plasminogen (PLG+Ca), or a combination 

of 0.2 mM calcium, 0.1 M 6-AHA, and 1 mg/ml plasminogen (6-AHA+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 1 mg/ml plasmin, or 0.2 mM calcium plus 1 mg/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 figure with 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 low as 0.05 ɛg/ml (or 0.568 pM) (Figure 5.9B).  By considering that 

plasminogen-induced matriptase activation is a fast event taking less than 30 min (Figure 

5.3), requires sub-nM concentration, and does not involves plasmin, plasminogen might 

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.  

5.4.3 Matriptase 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 activator (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 its cellular 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 process 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 absence of Ca
2+

, the 
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generation of plasmin became very rapid after 40 min incubation.  For the keratinocytes 

maintained in high Ca
2+

 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 other things might accelerate plasmin generation (Figure 5.10A).  The 

role of matriptase in the generation of plasmin was confirmed by the reduced plasmin 

generation in a dose-dependent manner using matriptase mAb 21-9 (Figure 5.10B), 

which has been shown to suppress matriptase activation.  Likewise, the two small 

molecule inhibitors, F3226-1197 and F3226-1198, that can suppress matriptase zymogen 

activation also suppress plasmin generation (Figure 5.10C).   

Previously we have discovered that robust matriptase zymogen activation can be 

induced by transiently exposing matriptase-expressing cells to a mildly acidic buffer.  

Within 20 min, the vast majority of matriptase zymogen can be converted into active 

matriptase at low pH.  In human keratinocytes, the generated active matriptase either 

stays in the cells or is rapidly shed.  The cellular active matriptase can activate prostasin 

and then is rapidly inhibited by HAI-1 to form a 120-kDa matriptase-HAI-1 complex.  

This can be demonstrated by the appearance of the 120-kDa matriptase complex at the 

cost of the 70-kDa matriptase zymogen (Figure 5.11A, 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 was assayed using the plasmin synthetic fluorescent substrate, 

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

IgG, as control, or variant amounts of an anti-rat total matriptase mAb 21-9 for 2 h 

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

plasminogen.  Plasmin activity was assayed using the plasmin synthetic fluorescent 

substrate, Boc-Val-Leu-Lys-AMC.  C. Primary human keratinocytes were pre-incubated 

with DMSO, as control, or the two small molecule inhibitor of matriptase, F3226-1197 

and F3226-1198 for 2 h followed by raising the calcium concentration to 0.2 mM and 

addition of 50 nM plasminogen.  Plasmin activity was monitored via the plasmin 

synthetic fluorescent substrate, Boc-Val-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. Primary 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, M24.  B. 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 

matriptase synthetic fluorescent substrate, Boc-Gln-Ala-Arg-AMC.  C. Primary human 

keratinocytes were incubated 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 plasmin synthetic fluorescent substrate, Boc-Val-Leu-Lys-AMC.  D. 

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

and variant amount of 6-AHA.  The generation of plasmin was monitored with a 

plasmin synthetic fluorescent substrate, Boc-Val-Leu-Lys-AMC.  All data are 

representative of three independent experiments performed in triplicate.   
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standard fluorescent substrate for matriptase (Figure 5.11B).  By taking advantage of 

this unique feature of matriptase activation, we further confirmed the role of matriptase in 

plasmin generation and the matriptase-accelerated plasminogen activation is a 

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

generation becomes very robust with a shortened lag phase and an increased rate of 

plasmin generation (Figure 5.11C, 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 good plasminogen activator (Figure 5.11C, 

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

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

also very slow (Figure 5.11C, Cellular).  These data suggest that while active matriptase 

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

accelerating plasmin generation.  The cell-associated process of plasmin generation can 

be further confirmed by the inhibition of plasmin generation using 6-AHA, which can 

prevent plasminogen from binding to the cell surface (Figure 5.11D).      

             

5.5 Discussion 

Keratinocyte cell morphology and epidermal tissue structure are progressively 
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remodeled in the process of differentiation.  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 former determines 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 simultaneously with matriptase 

zymogen activation and inhibition of active matriptase by HAI-1.   Antithrombin, 

another matriptase endogenous inhibitor, determines the levels of active matriptase shed 

into extracellular milieu in which active matriptase has a longer life span and can return 

to the cell surface 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 

reveals that a combination of Ca
2+

, the prominent keratinocyte differentiation agent, and 

plasminogen- the zymogen of plasmin the major protease workhorse at the pericellular 

environment- confers on keratinocytes critical measures to precisely regulate matriptase 

activation in the context of epidermal differentiation. 

The functional linkage between matriptase and plasminogen is initially thought to be 

one-directional: from matriptase through uPA to plasminogen.  In response to a variety 
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of extracellular stimuli and cellular 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.  Our discovery reveals a reciprocal, rather than linear, relation exists 

between matriptase and plasminogen.  This unusual regulatory mechanism makes the 

matriptase-uPA-plasminogen protease cascade under a control of positive feedback loop, 

in which the zymogen of downstream effector plasminogen functions as an extracellular 

message that stimulates keratinocytes to activate the initiator protease matriptase (Figure 

5.12).  This regulatory mechanism confers on cells a timely and effective control of 

plasmin generation.   

Ca
2+

 is a potent pro-differentiation agent, particularly for the cultured keratinocytes.  

In vivo, a Ca
2+

 gradient exists in the epidermis and coincides with the differentiation state 

296
.  In the basal and spinous layers, Ca

2+
 is at low levels and is primarily intracellular.  

Large amounts of Ca
2+

 accumulate in the upper granular layer both inside the cells and in 

the intercellular matrix.  Given that keratinocytes must be primed with Ca
2+

 in order to 

become responsive to plasminogen for matriptase activation, this Ca
2+

-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 5.12 A schematic model for the reciprocal activation of 

matriptase-plasminogen activator-plasminogen cascade.   

The downstream effector plasminogen and calcium-induced cellular effects work in a 

concert becoming an extracellular stimulus of matriptase 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. 

  












































































































































