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Summary

Studies of human genetic disorders and mouse models reveal the important roles of matriptase in hair growth. Here, we
investigate matriptase expression and zymogen activation in hair follicles. We show: |) layer-dependent distribution patterns,
with much higher matriptase expression in cells of the outer root sheath and matrix cells of the hair bulb than in cells of the
inner root sheath; 2) cycle-dependent expression patterns, with matriptase expressed in the anagen and catagen phases of
the hair lifecycle, but not in the telogen phase; 3) reduced expression of the matriptase inhibitor, HAI-1, in the catagen phase,
suggesting increased proteolytic activity in this phase; and 4) definitive matriptase zymogen activation patterns, with the
highest matriptase activation observed in matrix cells and outer root sheath cells in the isthmus/bulge region. In sebaceous
glands, matriptase is highly expressed in basal and ductal cells, with much lower expression in the differentiated, lipid-filled
cells of the interior. We also show that matriptase potently activates hepatocyte growth factor (HGF) in vitro, and that
the HGF receptor, c-Met, is co-expressed in those cells that express activated matriptase. Our observations suggest that
the matriptase-HGF-c-MET pathway has the potential to be engaged, primarily in proliferative cells rather than terminally
differentiated epithelial cells of the human pilosebaceous unit. (] Histochem Cytochem 62:50-59, 2014)
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growing hair that appears curly, brittle, dry, and lusterless.
The second line of evidence is that matriptase can activate
several growth factors through its potent trypsin-like pro-
teolytic activity (Bhatt et al., 2007; Lee et al., 2000;

Introduction

Many lines of evidence indicate that the type 2 transmem-
brane serine protease matriptase is important for hair folli-

cle growth and cycling. Firstly, two genetic disorders linked
to mutations in the matriptase gene—autosomal recessive
ichthyosis with hypotrichosis (ARIH, OMIM 610765), and
ichthyosis, follicular atrophoderma, hypotrichosis and
hypohidrosis (IFAH, OMIM 602400)—are associated with
defects in hair distribution and structure (Alef et al., 2009;
Avrahami et al., 2008; Basel-Vanagaite et al., 2007). Apart
from having characteristic icthyotic skin, ARIH and IFAH
patients also exhibit a receding frontal hairline with slow

Takeuchi et al., 2000; Ustach et al., 2010); some of these
growth factors, such as hepatocyte growth factor (HGF) and
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its membrane receptor c-Met, have been shown to be impor-
tant in the regulation of hair follicle growth and morpho-
genesis (Lindner et al., 2000). Thus, matriptase might exert
an effect on hair follicles via such downstream targets.
Thirdly, matriptase can also activate other serine proteases,
including the urokinase-type plasminogen activator (uPA)
(Chen et al., 2010b; Lee et al., 2000; Netzel-Arnett et al.,
2006; Takeuchi et al., 2000). Activation of the uPA/plasmin
system by matriptase could impact extracellular matrix
(ECM) remodeling processes, which are known to modu-
late processes important in normal hair biology, such as
involution and downward growth (Gao et al.,, 2010;
Jarrousse et al., 2001; Paus et al., 1994; Weinberg et al.,
1990). And lastly, mice with targeted deletion of the matrip-
tase gene exhibit hypoplasia and dysgenesis of the hair fol-
licles, which results in the absence of erupted vibrissal hair
shafts and vibrissal hair cannels at birth (List et al., 2002).
Together, these findings provide strong evidence for a role
of matriptase in hair biology.

Matriptase is synthesized as a zymogen with very weak
intrinsic proteolytic activity (Benaud et al., 2001; Inouye
et al., 2009). The matriptase zymogen undergoes autoacti-
vation to gain its potent trypsin-like activity (Oberst et al.,
2003; Xu et al., 2012). Zymogen activation is tightly con-
trolled in the normal human epidermis and is elevated in
several distinct skin diseases that are commonly associated
with inflammation (Chen et al., 2011). Matriptase activity is
regulated by multiple serine protease inhibitors, among
which HGF Activator Inhibitor (HAI)-1 is the predominant
inhibitor found in epithelial cells (Xu et al., 2012). Although
present at very low levels, activated matriptase has been
detected in complexes with three serpin-type inhibitors,
including antithrombin in human milk, and the results indi-
cate that epithelial cells could, at least in part, be the source
of the milk-derived matriptase-serpin complexes (Chou
etal., 2011; Tseng et al., 2008). The role of antithrombin in
the control of matriptase activity appears to be augmented
in human keratinocytes relative to other epithelial systems.
In keratinocytes, the levels of antithrombin bound to the
cell surface is inversely correlated with the levels of active
matriptase shed to the extracellular milieu (Chen et al.,
2013b). In the mouse, HAI-2 has been reported to be
involved in the control of matriptase (Szabo et al., 2008). It
remains to be determined whether HAI-2 is a relevant mat-
riptase inhibitor in humans, because endogenous matrip-
tase-HAI-2 complexes have not as yet been detected in
human body fluids or human cells. In addition to its func-
tion in the suppression of matriptase proteolytic activity,
HAI-1 plays an important chaperone-like role that is neces-
sary for intracellular trafficking of matriptase to the cell sur-
face (Oberst et al., 2005) and is involved in matriptase
zymogen activation (Oberst et al., 2003). Thus, in addition
to the absolute level of matriptase expression, the ratio

between matriptase and HAI-1 expression levels and the
state of zymogen activation are important parameters to
fully assess matriptase activity and function.

In human skin, matriptase contributes to epidermal
homeostasis primarily via its role in the proliferation and
early differentiation of the keratinocytes of the basal and
spinous layers, but it does not have a role in the late stage
differentiation of the granular layer (Chen et al., 2013a).
Because the pilosebaceous unit of the skin shares a similar
scheme for the maintenance of cellular homeostasis through
control of cell proliferation and differentiation, as in the
epidermis, we wondered if matriptase might play a similar
role in this system. In the current study, we explore the
hypothesis that matriptase is primarily involved in the pro-
liferation and early differentiation of keratinocytes in the
pilosebaceous unit of human skin by using immunohisto-
chemistry to examine the expression and activation state of
matriptase in human hair follicles at differing phases of
their growth cycle, as well as in sebaceous glands. We also
examined the expression of HAI-1 and the c-Met in hair
follicles to investigate the regulatory and functional aspects
of matriptase in the pilosebaceous unit.

Material and Methods

Reagents

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). Active matriptase was generated and
purified from human keratinocyte HaCaT cells, as
described in our previous study (Chen et al., 2013a), and
pro-HGF was prepared as described previously (Kataoka
et al., 2000).

Antibodies

The monoclonal antibodies (mAbs), including M24, M32,
M69, and M19, were generated using matriptase-HAI-1
complex as an immunogen, as described previously (Lin
et al., 1999). The total matriptase mAbs M24 and M32
recognize both latent and activated forms of human mat-
riptase. M69 mAb is specific for activated matriptase and
does not recognize latent matriptase, and M19 mAb spe-
cifically recognizes human HAI-1 (Chen et al., 2010b; Lin
et al., 1997; Lin et al., 1999; Tseng et al., 2010). HGF
protein was detected using a goat polyclonal antibody
(Santa Cruz Biotechnology Inc., Santa Cruz, CA) that rec-
ognizes the beta subunit of HGF.
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Immunohistochemistry

Immunohistochemical staining was performed as previ-
ously described (Chen et al., 2011; Chen et al., 2010a).
Tissue sections of frozen human skin were fixed with for-
malin and stained using the total matriptase mAb M32 and/
or M24, activated matriptase mAb M69, or HAI-1 mAb
M19, and followed by the secondary antibody (EnVision+
Dual Link System Peroxidase) (Dako, Glostrup, Denmark).
DAB (3,3’-diaminobenzidine) was used for the detection of
positive staining. Cell nuclei were counterstained with
hematoxylin. The staining results were scored by an experi-
enced pathologist (HSL). Images were captured using an
Olympus AH2 Vanox Microscope System (Olympus,
Melville, NY). The skin tissue sections were obtained with
written informed consent from Tri-Service General
Hospital, National Defense Medical Center under the IRB
099-05-019, approved by TSGHIRB. The specificity of
these mAbs and their applications in immunohistochemical
staining can be found in our previous studies (Benaud et al.,
2001; Chen et al., 2011; Lin et al., 1999; Tseng et al., 2010;
Wang et al., 2009). Mouse [gG was used as a negative con-
trol and the well-characterized staining at intercellular junc-
tions and the distribution profiles in the epidermal layers
(Chen et al., 2013a) were used as criteria for the quality of
the immunohistochemical staining of the hair follicles.

Activation of Pro-HGF

Five ng of pro-HGF was incubated with increasing amounts
of active matriptase in a 96-well plate at 37C for 30 min.

Activated Matriptase

Figure |. Expression of matriptase and
HAI-1 in anagen-phase human hair folli-
cles: cross-sectional analyses. Cross sec-
tions of anagen-phase human hair folli-
cles were immunostained with the
matriptase-specific mAb M32 (Matrip-
tase), the HAI-I-specific mAb MI9
(HAI-1) or the activated matriptase-
specific mAb M69 (Activated Matrip-
tase). Sections were stained with a non-
specific mouse IgG antibody as a
negative control (Mouse IgG). Repre-
sentative examples of the staining ob-
served are presented. The different cell
layers of the hair follicle are as indicated.
Nuclei of cells were counterstained blue
with hematoxylin. Scale bar: 25 ym.

The samples were then assayed by immunoblot analyses to
detect cleavage products of pro-HGF using the HGF beta
subunit polyclonal antibody.

Results

Matriptase Is Expressed at High Levels on the
Cell Surface of Outer Root Sheath Keratinocytes
and Matrix Cells in Human Anagen Hair
Follicles

The hair follicle is a regenerating mini-organ that cycles
through the following four phases: growth (anagen), regres-
sion (catagen), rest (telogen), and shedding (exogen). Based
on its cycling characteristics, a hair follicle can be divided
into two structural components: 1) the permanent, superfi-
cial structure, which includes the infundibulum and the isth-
mus; and 2) the transient cycling component, which includes
the hair bulb and stem. In humans, hair follicles grow asyn-
chronously, with about 85% of the follicles in the
anagen-phase.

We immunostained anagen-phase hair follicles with
monoclonal antibodies (mAbs) specific for total matriptase
or HAI-1 to examine the expression profile of each protein.
A total of 115 human skin specimens were examined from
which 56 hair follicles were identified. Fifty-one were at
anagen, three at catagen, and two at telogen phases. The
staining of matriptase and HAI-1 were consistent among
these specimens. A cross-section of a representative hair
follicle stained with each mAb is shown in Figure 1. The
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Figure 2. Expression of matriptase and HAI-I in anagen-
phase human hair follicles: longitudinal section analyses.
Longitudinal tissue sections of anagen-phase human hair follicles
were immunostained with the matriptase-specific mAb M32
(Matriptase), the HAI-I-specific mAb MI9 (HAI-1) or the
activated matriptase-specific mAb Mé9 (Activated Matriptase).
Sections were also stained with a non-specific mouse IgG antibody
as a negative control (not shown). Representative examples of
the staining observed are presented. The different regions of
the hair follicle are as indicated, with the bulb region shown at
higher magnification in the lower panels. Nuclei of cells were
counterstained blue with hematoxylin. Scale bar: 50 ym.

outer root sheath (ORS) and the inner root sheath (IRS) lay-
ers are indicated.

An inspection of Figure 1 revealed that matriptase is
highly expressed on the surface of the cells in the ORS.
ORS cells provide a protective encasement for the growing
hair shaft and are likely derived from the downward migra-
tion of bulge stem cells (Panteleyev et al., 2001). In con-
trast, matriptase expression was much lower in the IRS. The
IRS arises from the peripheral portion of undifferentiated
matrix cells and contains three concentric cellular layers:
the Henle layer, the Huxley layer, and the IRS cuticle.
These three layers undergo terminal differentiation via tem-
porally and spatially distinct processes along the longitudi-
nal axis of growth (Ito, 1988). Both the Henle layer and IRS
cuticle appeared negative for matriptase expression, with
only the Huxley layer staining lightly positive for matrip-
tase. It should be noted that, although the hair shaft stained
positive for matriptase, it also stained positive for each of
the other antibodies we tested, including the control mouse
IgG (Fig. 1). This observation suggests that the staining of
the hair shaft results from non-specific binding of the anti-
bodies to the hair shaft. Consequently, the expression of
matriptase (or HAI-1) within the hair shaft could not be
defined with our assay.

The expression of the cognate inhibitor of matriptase,
HAI-1, was detected at high levels on the surface of the
cells of both the ORS and IRS (Fig. 1). This expression pat-
tern is in contrast to the expression of matriptase, which was
found primarily in cells of the ORS, but not the IRS. This
differential expression pattern between matriptase and
HAI-1 suggests a functional decoupling between the prote-
ase and the protease inhibitor in the more differentiated
keratinocytes of the IRS, reminiscent of our observations of
matriptase and HAI-1 expression in the human epidermis
(Chen et al., 2011; Chen et al., 2013a).

Matriptase and HAI-1 expression patterns were exam-
ined throughout the hair follicle by examining longitudinal
sections of immunostained hair follicles (Fig. 2). High lev-
els of matriptase and HAI-1 expression were observed in
the entire hair follicle, extending from the junctions that
connect with the epidermis to the hair bulb at which the
ORS tapers and ends. The superficial part of the infundibu-
lum is lined by epidermis with well-developed stratum cor-
neum and stratum granulosum. Matriptase was detected in
the keratinocytes of the layers linked to the dermal sheath
but not in the central layers linked to the hair shaft. This
observation is consistent with our previously reported
results that revealed high levels of matriptase expression in
the less-differentiated keratinocytes of the basal and spi-
nous layers, with reduced and ultimately no expression in
the more-differentiated granular and cornified cells of the
epidermis (Chen et al., 2013a). Matriptase expression was
also detected at high levels in the stem and hair bulb of the
hair follicle, albeit with slightly reduced expression in the
lower isthmus and the upper region of the stem. At higher
magnification (Fig. 2), matriptase expression was observed
on the surface of the matrix cells of the hair bulb. In con-
trast, the stromal cells in the dermal papilla (DP) were
matriptase-negative. The cells immediately above the
matrix cells, likely from the cortex and medulla, were also
negative for matriptase. HAI-1 expression paralleled mat-
riptase expression, with strong staining of the epithelial
cells and no staining of the stromal cells of the DP. However,
unlike matriptase, HAI-1 expression was also observed in
the more-differentiated cells present in the central area of
the infundibulum as well as the cells in the cortex and
medulla directly above the matrix cells.

The studies described above reveal that matriptase
expression appears to be higher in less-differentiated cells
(such as the highly proliferative matrix cells and ORS kera-
tinocytes) than in the more-differentiated cells (such as
cells in the IRS, cortex, medulla, and the terminally differ-
entiated cells in upper portion of the infundibulum). The
distribution profile of HAI-1 expression in hair follicles is
essentially identical to that of matriptase, with the exception
of staining in: 1) the IRS and 2) the cells directly above the
matrix cells. In these two types of late-stage differentiated
cells of the hair follicle, HAI-1 is expressed at high levels
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whereas matriptase expression is very low or absent. This
expression pattern echoes the expression pattern of HAI-1
in epidermal granular keratinocytes, which are also at a late
stage of differentiation and are matriptase-negative (Chen
etal.,, 2013a).

Matriptase Is Activated in Matrix Cells of the
Hair Bulb and in the ORS of the Isthmus

We have previously described the generation and character-
ization of monoclonal antibodies capable of distinguishing
activated matriptase from matriptase zymogen (Benaud
et al., 2001). Using these activated matriptase-specific
mAbs, we examined the zymogen activation status of mat-
riptase in hair follicles. Among the 56 hair follicles identi-
fied in the tissues examined, activated matriptase was
detected in only 36 samples. Moreover, the level of acti-
vated matriptase detected in the positive samples was gen-
erally quite low. The absence or low levels of detectable
activated matriptase in the face of the high levels of “total”
(zymogen plus activated) matriptase expression is consis-
tent with our previous observations that the activation of
matriptase is under very tight control in normal tissues
(Chen et al., 2013a; Wang et al., 2009).

An inspection of Figure 2 reveals that the highest levels
of activated matriptase present in the cells of the hair folli-
cle were found in the matrix cells of the hair bulb. This
observation suggests that matriptase may play an important
role in matrix cell functions, which include proliferation
and differentiation into the cells of the IRS, the hair fiber,
and the hair cuticle. Furthermore, because total matriptase
levels were very low or absent in the IRS, the expression
and function of matriptase appears to be tightly regulated
and confined predominantly to the early stages of hair
growth in the matrix cells.

Activated matriptase was also detected in portions of the
ORS (Fig. 1). The ORS consists of multiple layers of cells,
with only the innermost layer of the ORS, also known as the
companion layer, being in intimate contact with the Henle
layer of the IRS. The ORS companion layer does not
undergo the typical trichilemmal keratinization as observed
for the rest of the ORS. Whereas the presence of activated
matriptase was readily detected in the cells on or near the
surface of the ORS, it was undetectable in the innermost
ORS companion layer adjacent to the IRS. These results
suggest that matriptase activity is differentially regulated,
even within the ORS keratinocytes.

Matriptase activation was also detected in some areas of
the upper portion of hair follicles on the surface of the ORS
keratinocytes. In Figure 3, images of two representative
hair follicles in the same tissue section are presented.
Although total matriptase expression was observed
throughout the hair follicles, activated matriptase was
detected primarily in the isthmus region. Matriptase

. Activated
Matriptase

i |

Figure3. Activatedmatriptaseis presentinthe ORSkeratinocytes
of the isthmus. Tissue sections of the upper surface portion of
an anagen-phase human hair follicle were immunostained with
the matriptase-specific mAb M32 (Matriptase) or the activated
matriptase-specific mAb M69 (Activated Matriptase). Sections
were also stained with a non-specific mouse IgG antibody as a
negative control (not shown). The isthmus region of the hair
follicles within the rectangle is shown at higher magnification
(right panel). Nuclei of cells were counterstained blue with
hematoxylin. Scale bar: 50 pm.

activation was low or undetectable in infundibulum and
stem regions. At higher magnification (Fig. 3), activated
matriptase was seen on the surface of the isthmus cells. The
isthmus harbors the bulge region, a specialized compart-
ment of the ORS that forms a niche for epithelial and neu-
rectodermal stem cells. Our observations suggest that the
active form of matriptase may play a role in the cellular
functions of these stem cells.

Reduced HAI-I Expression in the ORS of
Catagen Hair Follicles

Catagen is a short phase in the life cycle of the hair follicle
in which the parts of the follicle involved in hair growth
dismantle and the follicle regresses. Matriptase and HAI-1
expression levels in catagen-phase hair follicles were
examined using immunohistochemistry, and a representa-
tive image is shown in Figure 4. Matriptase was detected
in the ORS of both the permanent and the regressing parts
of the catagen-phase hair follicle, whereas the IRS was
mostly negative for matriptase, similar to that which was
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observed in anagen-phase hair follicles (Fig. 2). The most
significant difference between the anagen- and catagen-
phase hair follicles is the reduced expression of HAI-1 in
the ORS of the catagen phase relative to the anagen-phase.
The reduced expression of the inhibitor HAI-1 in the
catagen-phase hair follicles may provide the regressing
hair follicles with enhanced proteolytic activity, which
may promote its regression.

Loss of Matriptase and HAI-1 in the Telogen
Hair Follicles

In the telogen phase of the hair follicle, the follicle contin-
ues to regress until it reaches about half of its original size.
The dermal papilla is then reduced to a cluster of dermal
fibroblast as a small ball of cells underneath the epithelial
sac. Neither matriptase nor HAI-1 was detected at any sig-
nificant levels in telogen-phase hair follicles (Fig. 4), sug-
gesting that matriptase and HAI-1 may not have much of
role at this stage. Collectively, the distribution profile of
matriptase and HAI-1 suggests that the protease/protease
inhibitor system is dynamically regulated in the cycling of
hair follicle with its role mainly in the growth (anagen) and
regression (catagen) phases and not in the resting (telogen)
phase.

Matriptase in Sebaceous Glands

Sebaceous glands are an outgrowth from the ORS of the
hair follicles. We used our immunohistochemistry assay to
investigate the expression of matriptase and HAI-1 in seba-
ceous gland. The results, shown in Figure 5, reveal that both
matriptase and HAI-1 were strongly expressed in the cells

i) and telogen-phase human hair follicles
were immunostained for total matrip-
tase (Matriptase) or HAI-1 (HAI-1).
Sections were also stained with a non-
specific mouse IgG antibody as a nega-
tive control (not shown). Lower panels
show the recessive regions of the hair

b L:j:. follicle at higher magnification. The out-
7% (M 8% er root sheath (ORS) and the inner
;Q B S root sheath (IRS) are indicated. Nuclei

of cells were counterstained blue with
hematoxylin. Scale bar: 100 pm.

surrounding the sebaceous duct and the basal cells. The
basal cells consist of a single layer of flattened cells along
the basement membrane at the outer edge of the gland,
which are mitotically active. As they divide, the resulting
daughter cells move into the interior of the gland and fill
with lipid droplets. Matriptase was also detected in these
spongy fat cells, though at much lower levels than in the
basal and ductal cells. In contrast, HAI-1 expression was
clearly detected in the fat cells. Activated matriptase was
detectable both in the basal and ductal cells, a distribution
similar to that seen in the hair bulb, in which only the mitot-
ically active matrix cells exhibited high levels of activated
matriptase.

The Matriptase-HGF-c-Met Pathway in Hair
Follicles

Previous studies have shown that HGF plays an essential
role in hair follicle function (Lindner et al., 2000). HGF is
synthesized as an inactive pro-form by the stromal cells in
the DP. In Figure 6A, we show that the single-chain pro-
HGF protein was rapidly converted into the two-chain
active form of the protein by nanomolar concentrations of
keratinocyte-derived active matriptase in a dose-dependent
manner. HGF acts through interactions with its cell surface
receptor, c-Met. In Figure 6B and 6C, we show that the
c-Met receptor was expressed on the surface of ORS kera-
tinocytes of the isthmus as well as on the surface of matrix
cells in the hair bulb, both cell types that exhibited the
highest levels of activated matriptase. This observation,
coupled with our work demonstrating that matriptase is a
potent activator of HGF, supports the hypothesis that the
matriptase-HGF-c-Met pathway plays a role in hair follicle
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growth and function. Furthermore, we observed that c-Met
was expressed in the basal cells of sebaceous glands and of
the epidermis (Fig. 6D and 6E), both regions in which acti-
vated matriptase is present. These observations suggest
that the matriptase-HGF-c-Met pathway is likely a com-
mon mechanism that regulates the proliferation and differ-
entiation of keratinocytes in various tissue components of
the human skin.

Discussion

Although the three major tissue components of the skin,
namely the epidermis, the hair follicle and the sebaceous
gland, have evolved distinct morphological and functional
characteristics, all three components still share a common
requirement for continuous tissue regeneration. The basic
regeneration scheme is composed of 1) basal cells that can
either proliferate (to replenish cell populations) or differen-
tiate, and 2) differentiated cells that execute the biological
functions. Our studies here and published elsewhere reveal
that matriptase is expressed at high levels in the prolifera-
tive cells, including the basal cells of epidermis and seba-
ceous glands and the matrix cells in hair follicles. In
contrast, matriptase is expressed at low or undetectable lev-
els in the differentiated cells, which include the cells in the
IRS, the fat cells in sebaceous glands, and the granular and
cornified cells in the epidermis. This distribution profile of
matriptase expression suggests that the protease plays a role

Figure 5. Matriptase and HAI-| ex-
pression in human sebaceous glands.
Tissue sections of human sebaceous
glands were immunostained with the
matriptase-specific mAb M32 (Matrip-
tase), the HAI-I-specific mAb MI9
(HAI-1), the activated matriptase-specific
mAb M69 (Activated Matriptase), or
with the control mouse IgG antibody
(Mouse IgG). Nuclei of cells were coun-
terstained blue with hematoxylin. Rep-
resentative examples of the images ob-
tained are presented. Scale bar: 50 pm.

primarily in proliferative cells, rather than in differentiated
cells, in the epidermis and pilosebaceous unit. Furthermore,
our studies reveal that the activated form of matriptase is
primarily detected in the matrix and basal cells, suggesting
that matriptase proteolytic activity is likely to be actively
involved in the cellular processes of these proliferative and
differentiating cells. This hypothesis is further bolstered by
our studies in which shRNA-induced suppression of mat-
riptase expression in human keratinocytes decreased both
cell proliferation and the expression of differentiation mark-
ers (Chen et al., 2013a).

We find that matriptase is widely expressed in the ORS
but with activated matriptase being frequently detected in
the isthmus/bulge area. The ORS in the isthmus/bulge area
is the primary source of skin stem cells that migrate to form
the basal cells of epidermis and sebaceous gland and the
matrix cells of hair follicles. Our observation that the cells
in this area express high levels of matriptase and are fre-
quently positive for activated matriptase suggests that mat-
riptase may play a role in the maintenance of the stem cell
niche or in the biology of the stem cells. As a potent and
tightly regulated membrane-associated serine protease,
matriptase could initiate a proteolytic cascade and thereby
modulate the function of growth factors (such as HGF) in
the close vicinity of their cognate membrane receptors
(such as c-MET).

Matriptase is synthesized as a zymogen and must
undergo autoactivation via a cleavage event at the canonical
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activation motif to gain its full enzymatic activity.
Matriptase autoactivation is rapidly followed by the HAI-1-
mediated inhibition of the nascent active matriptase. An
uncommon feature of matriptase activation and inhibition is
that the short-lived active matriptase is still able to effec-
tively activate its downstream substrate, prostasin. Thus,
the three events, matriptase autoactivation, activation of
prostasin by active matriptase, and inhibition of active mat-
riptase by HAI-1 take place at almost the same time (Chen
et al., 2010b). The activated matriptase detected in the ORS
cells, the matrix cells, and the sebaceous basal and ductal
cells by the mAb M69 is likely activated matriptase in com-
plex with HAI-1. Although free active matriptase possesses
potent gelatinolytic activity, activated matriptase in com-
plex with HAI-1 exhibits almost no activity (Benaud et al.,
2001). As a result, the activated matriptase that is found in
the hair follicles and epidermis is not likely to be the source
of the gelatinolytic activity detected in human skin. This is
consistent with the finding that the skin gelatinolytic activ-
ity is localized to mast cells, as detected by in situ zymogra-
phy (Krejci-Papa and Paus, 1998).

HGF is a mesenchymal cell-derived, multifunctional
growth factor, which is produced by the dermal papilla
fibroblasts and can stimulate growth of the hair (Jindo et al.,

Sebaceous Gland

Figure 6. Probing the matriptase-
- HGF-cMET pathway in human skin. A.
Pro-HGF was incubated with increasing
amount of active matriptase, as indicat-
ed, for 30 min at 37C. The resultant
samples were probed for cleavage of
HGF by immunoblot analyses using an
antibody specific for the beta subunit of
HGF. Tissue sections of the hair bulb
(panel B) and isthmus of human hair fol-
licles (panel C), sebaceous gland (panel
D) and epidermis (panel E) immunos-
tained for the HGF receptor, c-Met.
Mouse IgG antibody was used as a nega-
tive control (data not shown). Nuclei of
cells were counterstained blue with he-
matoxylin. Scale bar: 50 ym.

1995; Shimaoka et al., 1995). The pro-mitogenic activity of
HGF is mediated through engagement with the membrane
receptor c-MET, which is expressed in the neighboring hair
bulb keratinocytes (Lindner et al., 2000). HGF is secreted
as an inactive precursor and converted into the active form
by proteases. Several proteases, including HGF activator
(HGFA), have been detected at the mRNA level in anagen
hair follicles of rats (Yamazaki et al., 1999). HGFA can
activate HGF with similar potency to that of matriptase
(Kirchhofer et al., 2003). HGFA is synthesized as a zymo-
gen and converted into an active protease by other active
proteases. In response to tissue injury, HGFA is activated,
most likely by thrombin; however, it remains unclear
whether anagen hair follicles contain active thrombin and
what mechanism is responsible for the zymogen activation
of HGFA. In contrast, matriptase can undergo autoactiva-
tion to become an active enzyme (Oberst et al., 2003; Xu
et al., 2012). More importantly, although active matriptase
is rapidly inactivated by HAI-1 in most epithelial cells, in
human keratinocytes, a proportion of the active matriptase
can be shed into the extracellular milieu (Chen, et al 2013)
where it might liberate and activate HGF from the extracel-
lular matrix where the growth factor is commonly deposited
(Schuppan et al., 1998).
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It has been previously reported that mouse hair follicles
express matriptase in the IRS, cortex, medulla, and the
matrix cells, but not the ORS (List et al., 2006; Szabo et al.,
2008). These studies also reported the detection of matrip-
tase in fat cells, but not in basal cells, of mouse sebaceous
glands. Similarly, in mouse epidermis, matriptase has been
reported to be expressed by suprabasal keratinocytes with
the highest expression in the outermost layer of keratino-
cytes, but not in the basal cells (Netzel-Arnett et al., 2006).
Therefore, unlike human matriptase, mouse matriptase is
primarily expressed in differentiated cells and thus is likely
to be involved in the regulation of later stages of differentia-
tion, with the exception of the matrix cells, which are highly
proliferative. This consistent physiological difference in
matriptase expression in the epidermis and pilosebaceous
unit of humans versus rodents provides a possible explana-
tion for the significant phenotypic differences between mat-
riptase knockout mice and IFAH patients whose S774 gene
(matriptase) is deleted. Severe skin defects result in homog-
enous neonatal death within 48 hours of birth in matriptase
knockout mice (List et al., 2002). In contrast, IFAH patients
have a much less severe, non-life threatening clinical pre-
sentation, and live into adulthood (Alef et al., 2009).

In conclusion, matriptase is expressed in a cycle-dependent
and cell layer-selective manner in human hair follicles and
sebaceous glands, with matriptase playing a role primarily
in proliferative cells and its expression negatively regulated
by terminal differentiation. It is possible that the potent
pericellular proteolytic activity of matriptase is involved in
the activation and processing of diverse substrates impor-
tant for epithelial-mesenchymal interactions that regulate
cell proliferation and differentiation.
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