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Heparanase is an endoglycosidase that cleaves hepa-
ran sulfate, the main polysaccharide component of
the extracellular matrix. Heparan sulfate moieties are
responsible for the extracellular matrix barrier func-
tion, as well as for sequestration of heparin-binding
growth factors in the extracellular matrix. Degrada-
tion of heparan sulfate by heparanase enables cell
movement through extracellular barriers and re-
leases growth factors from extracellular matrix de-
pots, making them bioavailable. Here, we demon-
strate a highly coordinated temporospatial pattern of
heparanase expression and enzymatic activity during
hair follicle cycling. This pattern paralleled the route
and timing of follicular stem cell progeny migration
and reconstitution of the lower part of the follicle,
which is a prerequisite for hair shaft formation. By
monitoring in vivo activation of luciferase reporter
gene driven by heparanase promoter, we observed
activation of heparanase gene transcription at a spe-
cific stage of the hair cycle. Heparanase was produced
by rat vibrissa bulge keratinocytes, closely related to
a follicular stem cell population. Heparanase contrib-
uted to the ability of the bulge-derived keratinocytes
to migrate through the extracellular matrix barrier in
vitro. In heparanase-overexpressing transgenic mice,
increased levels of heparanase enhanced active hair
growth and enabled faster hair recovery after chemo-
therapy-induced alopecia. Collectively, our results
identify heparanase as an important regulator of hair
growth and suggest that cellular mechanisms of its
action involve facilitation of follicular stem cell prog-
eny migration and release of extracellular matrix-
resident, heparin-bound growth factors, thus regulat-
ing hair cycle. (Am J Patbol 2005, 166:999—-1008)

The hair follicle repeatedly undergoes phases of active
hair shaft production (anagen), regression (catagen),
and rest (telogen) throughout the life of mammals.’2 The
unique ability of the follicle to constantly renew is main-
tained by the multipotent keratinocyte stem cells, which
generate differentiated progeny for the new hair shaft
formation.’® ® The mature follicle is composed of two
concentric layers of epithelial cells (keratinocytes), encir-
cling the hair shaft and defined as inner and outer root
sheaths (IRS and ORS)." The bulge region of the ORS,
located close to the insertion of the arrector pili muscle,
has been identified as a niche for the follicular stem
cells.®578 At the onset of anagen, some of the bulge-
localized stem cells give rise to rapidly dividing transit-
amplifying (TA) cells that migrate downward, reconstitute
the lower part of the follicle, and further differentiate into
the hair matrix cells, producing a new hair shaft.®>*79 It is
well established that the migratory behavior of different
cell types in a variety of biological processes involves
enzymatic degradation of the extracellular matrix (ECM),
which represents the main physical barrier for cell move-
ment."®"" Similarly, cell migration in the follicular ORS in-
volves ECM degradation. It was recently demonstrated that
activity of the ECM-degrading enzyme matrix metallopro-
teinase 2 is required for migration of ORS-resident melano-
cyte precursors.'? Likewise, TA cells, migrating during the
anagen phase along the ORS, must degrade ECM barriers
to move from the bulge region to the base of the follicle.
Heparan sulfate is the principal polysaccharide com-
ponent of the ECM, and the basement membrane'® 4
(specialized ECM structure that separates the ORS from
the adjacent connective tissue sheath'>'€). Heparan sul-
fate molecules are long, highly sulfated linear carbohy-
drate chains linked to a core protein and unique in their
ability to interact, via specific binding sites, with the pro-
tein constituents of the ECM."®'* These interactions
make heparan sulfate an essential molecule responsible
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for the ECM barrier function.’” Another important charac-
teristic of heparan sulfate moieties in the basement mem-
brane and ECM is the ability to bind specifically various
members of the heparin-binding growth factor family and
to serve as their extracellular reservoir.’® 2" Many hepa-
ran sulfate-bound growth factors, implicated in hair
growth and differentiation (ie, hepatocyte growth factor,
fibroblast growth factor, keratinocyte growth factor, vas-
cular endothelial growth factor)®22 are sequestered in the
ECM and could be released by means of enzymatic
cleavage of heparan sulfate.'©17:19.21.23.24

Heparanase is the predominant mammalian enzyme
capable of heparan sulfate degradation.'®2® Hepara-
nase is expressed by cells of epithelial origin, endothelial
cells, and activated cells of the immune system in various
pathological conditions as well as in normal develop-
ment.'2526 Previous studies have demonstrated that
degradation of heparan sulfate by heparanase enables
cell movement through extracellular barriers and re-
leases heparan sulfate-bound growth factors from ECM
depots, making them available for growth factor-dependent
processes.'®?6728 |n hair growth and cycling, the above
aspects, namely cell motility and involvement of heparan
sulfate-bound growth factors (eg, hepatocyte growth factor,
fibroblast growth factor, keratinocyte growth factor, vascular
endothelial growth factor) play critical roles.>**21.29

We have observed an enhanced hair regrowth in the
recently established heparanase-overexpressing trans-
genic (hpa-tg) mouse.° This observation prompted us to
investigate the involvement of heparanase in hair growth,
using in vitro and in vivo experimental systems. We dem-
onstrated a highly coordinated temporospatial pattern of
heparanase promoter activation, expression and enzy-
matic activity during hair follicle cycling. We report that
bulge-derived clonogenic keratinocytes, representing a
progeny of the follicular stem cells (ie, TA cells), 3132
produce heparanase. Using heparanase inhibitors and
recombinant enzyme, we demonstrate that heparanase
contributes to the ability of the clonogenic keratinocytes
to migrate through an ECM barrier in vitro. In the hpa-tg
mouse, increased levels of heparanase enhanced the
active growth phase of the first postnatal hair cycle and
the subsequent growth cycles, as well as enabled faster
hair regrowth after chemotherapy-induced alopecia.
Taken together, our results demonstrate that heparanase
plays an important role in hair growth, and suggest that
the cellular mechanism of its action may involve facilita-
tion of follicular TA cell migration, as well as release of
ECM-resident, heparan sulfate-bound growth factors,
that regulate hair cycle.

Materials and Methods

Induction of Hair Cycle

Depilation was used to induce hair growth in resting
follicles, as described.®® The dorsal skin of 8-week-old
female C57BL/6 mice at the telogen phase (as identified
by their pink skin color) was depilated using Hair Re-
mover Wax Strip kit (Del Laboratories, Farmingdale, NY),

leading to the synchronized development of anagen hair
follicles. Skin tissue samples were collected on days 0, 4,
and 9 after depilation; five mice per time point. The sam-
ples were fixed in 4% paraformaldehyde and processed
for histological examination and immunostaining. The dis-
tinct hair cycle phases were determined as described.®*
For skin tissue lysate preparation, skin samples were
snap-frozen in liquid nitrogen and pulverized to a fine
powder with a liquid nitrogen-cooled pestle. The powder
was resuspended in 2 ml of ice-cold lysis buffer contain-
ing 10 mmol/L phosphate-citrate, pH 6.0, 150 mmol/L
NaCl, 1 mmol/L MgCl,, 0.1 mmol/L ZnCl,, and 0.5%
Nonidet P-40, frozen, and thawed three times and cen-
trifuged for 20 minutes at 4°C at 14,000 rpm. Lysate
protein content was then determined.

First Physiological Postnatal Hair Cycle

Skin samples were obtained from hpa-tg and control
wild-type newborn female mice at postnatal days 8, 12,
16, and 20 (two to three mice per each time point).
Rectangular pieces of the central dorsal skin were col-
lected parallel to the vertebral line, fixed in 4% parafor-
maldehyde, and processed for histological examination.
Distinct stages of follicle morphogenesis were deter-
mined as described.®® Cutaneous thickness (dermis +
subcutis) was measured in digital images of hematoxylin
and eosin-stained sections using the Scion software
(Scion Cor., Frederick, MD). Sections from three animals
per time point were used and 10 measurements per
section were performed. Statistical analyses were per-
formed using InStat software (Graph Pad Software, San
Diego, CA).

Chemotherapy-Induced Alopecia

Anagen was induced in the back skin of mice in the
telogen phase of the hair cycle, as described above.
CYP-induced alopecia was induced as described,*® with
minor modifications. Briefly, on days 9 and 12 after dep-
ilation, CYP was injected intraperitoneally (125 mg per kg
bodyweight). By day 15 after depilation, the mice exhib-
ited complete alopecia on the previously depilated skin
area (the loose hair shafts were removed from this area
by 10 strokes backward and forward with a gloved fin-
ger). Skin tissue samples were collected on day 15 and
day 30 after depilation (two to three mice per time point).
The samples were fixed in 4% paraformaldehyde and
processed for histological examination.

Immunohistochemistry

Immunohistochemistry was performed as described®®
with minor modifications. Briefly, 5-um sections of paraf-
fin-embedded skin samples were deparaffinized and re-
hydrated. Tissue was then incubated in 3% H,O,, dena-
tured by boiling (8 minutes) in a microwave oven in citrate
buffer (0.01 mol/L, pH 6.0), and blocked with 10% goat
serum in phosphate-buffered saline (PBS). Sections were
incubated with specific polyclonal anti-heparanase anti-



bodies, raised against synthetic peptides '®8KKFKN-
STYRSSSVD'"" (no. 733)%” and 2"*RKTAKMLKSFLKAG-
GEVI*®® (both located in the 50-kd subunit of the active
heparanase enzyme), diluted 1:100 in 10% goat serum in
PBS, or with 10% goat serum alone, as a control. Color was
developed by using the Zymed AEC substrate kit (Zymed
Laboratories, South San Francisco, CA) for 10 minutes,
followed by counterstaining with Mayer’s hematoxylin.

Reporter Constructs and in Vivo Electroporation

The 1.9-kb human heparanase promoter region [Hpse
(—1791/+109)-LUC] was subcloned upstream of the lu-
ciferase (LUC) gene in a pGL2 basic reporter plasmid
(Promega, Madison, WI), as described.®® The plasmid
containing the LUC gene driven by the CMV enhancer/
promoter (CMV-LUC) was a gift from Dr. A. Oppenheim
(Hadassah-Hebrew University Hospital, Jerusalem, Israel).

For in vivo electroporation, mice were anesthetized and
plasmid DNA (CMV-LUC and HPSE-LUC) was intrader-
mally injected with a 0.3-ml syringe and 30-gauge needle
into the upper and lower dorsal site, respectively (20 png
per site in 25 wl of PBS). To keep variability to a minimum,
the same skilled operator performed all injections. A 30-
second time interval lapsed between injection and initia-
tion of electroporation. The in vivo electroporation system
(Genetronics Inc., San Diego, CA) consisted of a square
wave pulse generator (ECM 830) and a caliper electrode,
applied topically. The caliper electrode (modes 384; BTX/
Harvard Apparatus, Holliston, MA) consists of two 1-cm?
brass plate electrodes, which squeeze the skin fold to be
electroporated as described by Zhang and colleagues.®®
Electroporation was performed with 75 V; pulse length 20
msec, six pulses with an interval of 1 second, polarity
reversal after three pulses.

In Vivo Imaging

The cooled-charged-coupled device (CCCD) camera
model LN/CCD-1300EB equipped with ST-133 controller
and a 50-mm Nikon lens (Roper Scientific, Princeton
Instrument, Trenton, NJ), supported with comparable
software was used for light detection, as described.*® In
this system, a pseudocolor image represents light inten-
sity (least intense blue and most intense red). In all cases,
the integrated light is the result of a 2-minute exposure
and acquisition. In all experiments animals were anesthe-
tized before light detection. The exposure conditions (in-
cluding exposure time, distance of lens from the objects,
and time after injection of luciferin) were kept identical.
Ten minutes before monitoring light emission, the animals
were injected intraperitoneally with Beetle luciferin (Pro-
mega Corp., Madison, WI) in PBS at 126 mg/kg body
weight. Animals were placed in a dark box, supple-
mented with a controlled light to take pictures of the
background gray-scale image and then exposed to the
CCCD, to generate a pseudo-color image that represents
light intensity. For co-localization of the bioluminescent
emission on the animal body, gray-scale and pseudo-
color images were merged by using the appropriate im-
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aging software. The Institutional Animal Care and Use
Committee approved all procedures. Two animals per
time point were used, yielding similar results. Represen-
tative results of one animal are shown.

Isolation of Clonogenic Keratinocytes

Clonogenic keratinocytes were isolated from Fisher 344
rat vibrissa follicles, as described.®? After sacrifice, the
upper lip containing the vibrissal pad was cut and
vibrissa follicles were dissected and plucked from the
pad under a dissecting microscope. A fragment of the
follicle containing the bulge region was cut off and incu-
bated for 30 minutes in collagenase/dispase solution (1
mg/ml; Roche Molecular Biochemicals, Indianapolis, IN)
at 37°C. The epithelial core was detached from the col-
lagen capsule and further incubated in 0.05% trypsin/
collagenase/dispase solution (30 minutes, 37°C) to facil-
itate the dissociation of epithelial cells. Isolated cells were
cultured in keratinocyte-serum-free medium (Keratino-
cyte-SFM) (Invitrogen, Carlsbad, CA), containing epider-
mal growth factor (2.5 ng/500 ml), bovine pituitary extract
(25 mg/500 ml), and 10% fetal calf serum. The seeding
density was 1000 cells/35-mm plate, and 60 to 80 colo-
nies per plate were formed by day 7 to 9 of culture. To
characterize the pattern of keratin expression, the cells
were lysed by the addition of RIPA buffer, and equal
protein aliquots of cell lysates were separated on 4 to
12% Bis-Tris NUPAGE gels (Invitrogen). Proteins were
transferred to a nitrocellulose membrane (Invitrogen).
The same membrane has been reprobed using poly-
clonal antibodies against mouse keratins 5, 10, 14, and
15 (Covance Research Products, Richmond, CA). Clono-
genic keratinocytes isolated in three independent exper-
iments were tested and a similar pattern of keratin ex-
pression was detected.

Heparanase Activity

For measurements of heparanase enzymatic activity, tis-
sue or cell lysates were incubated on dishes coated with
sulfate-labeled ECM, prepared as described.'4" Briefly,
bovine corneal endothelial cells were established and
cultured at 37°C in a 10% CO, humidified incubator in
Dulbecco’s modified Eagle’s medium (1 g of glucose/L)
supplemented with 10% calf serum (Life Technologies,
Grand Island, NY) and 5% dextran T-40 in the presence
of Na,[®°S]0, (25 uCi/ml) (Amersham Pharmacia Bio-
tech, Buckinghamshire, UK), added on days 1 and 5 after
seeding.’®*" The subendothelial ECM was exposed by
dissolving the cell layer with PBS containing 0.5% Triton
X-100 and 20 mmol/L NH,OH, followed by four washes in
PBS."4" Equal protein aliquots of tissue or cell lysates
were incubated with the labeled ECM for 16 to 36 hours
(37°C, pH 6.2). Sulfate-labeled material released into the
incubation medium was analyzed by gel filtration on a
Sepharose 6B column.'®*! Nearly intact heparan sulfate
proteoglycans are eluted just after the void volume (peak
I, Koy < 0.2, fractions 1 to 10) and heparan sulfate deg-
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radation fragments are eluted later with 0.5 < K_, < 0.8
(peak I, fractions 15 to 35).704!

Migration through Matrigel

Migration was studied in 48-well Boyden chambers using
8-um-pore polycarbonate membranes (Poretics, Liver-
more, CA) coated with 0.5 mg/ml of Matrigel (BD Bio-
sciences, Bedford, MA) diluted in keratinocyte-SFM. The
bottom chambers were filled with complete growth me-
dium, containing epidermal growth factor (2.5 ug/500
ml), bovine pituitary extract (25 mg/500 ml) (Invitrogen),
and 10% fetal calf serum. Cultured clonogenic keratino-
cytes were harvested using trypsin and resuspended in
keratinocyte-SFM containing 1% bovine serum albumin
factor-V and 25 mmol/L HEPES-buffer. Some cells were
either preincubated for 15 minutes with 5 ng/ml recom-
binant heparanase enzyme (kindly provided by Dr. H.-Q.
Miao, ImClone Inc., New York, NY) or mixed with the
heparanase inhibitor laminaran sulfate (purchased from
Qingdao Third Pharmaceutical Company, Qingdao,
China). The cells (30,000 cells/well) were then added
to the upper chambers and were incubated at 37°C
and 5% CO, for 6 hours. The membranes were then
fixed and stained with Diff-Quik (VWR, Bridgeport, NJ).
Cell migration was quantitated in five random micro-
scopic fields (X 100) of triplicate wells. The assay was
repeated twice.

Motility

Clonogenic keratinocytes were plated into 35-mm dishes.
Migration was monitored for 20 hours using a Zeiss in-
verted microscope. Digital images were collected using a
CCD camera (model 2400; Hamamatsu Photonics) at
10-minute intervals, stored as image stacks, converted to
QuickTime movies and analyzed using MetaMorph
Group 3.5 software (Universal Imaging Corp., London,
UK). This experiment was repeated twice, six cells were
tracked in each experiment.

Results

Heparanase Expression during the Hair Follicle
Growth Cycle

We first explored the spatial and temporal patterns of
endogenous heparanase expression in full-thickness skin
samples collected during depilation-induced, synchro-
nized adult hair cycling in C57BL/6J female mice. Immu-
nohistochemical staining revealed no heparanase ex-
pression in telogen skin, as well as at early stages of the
telogen-anagen transition (Figure 1, a and b). Hepara-
nase protein was first detected in the ORS keratinocytes
of elongating early anagen follicles (anagen lll, 4 days
after depilation), traversing dermis-subcutis boundaries
and invading into subcutaneous tissue layers (Figure 1c,
inset). Heparanase expression was confined to the ker-
atinocytes located in the ORS portion under the bulge

(Figure 1c, inset) and persisted during the subsequent
anagen stages (anagen Ill to VI; Figure 1, d to f). In addition,
skin samples, harvested from newborn C57BL/6J mice in a
course of the first postnatal hair cycle, were evaluated for
heparanase expression. Similar to the pattern revealed
during depilation-induced hair cycle, heparanase ex-
pression was observed through the stages of postnatal
hair development, morphologically identical to early-mid
anagen of later cycles, and down-regulated during the
subsequent catagen-telogen (not shown). In telogen-
anagen transition of the following cycle (postnatal day 28)
no heparanase staining was detected (not shown). Inter-
estingly, heparanase expression was mainly noted in the
ORS areas along the hypothesized migration route of the
TA cells (daughters of follicular keratinocyte stem cells),*
which emanate from the bulge and migrate downward to
repopulate the lower follicle and the hair matrix cell com-
partment. Heparanase was absent in the matrix cells in
the bulge region, suggesting correlation between migra-
tory behavior and levels of the enzyme expression.

We next determined the levels of heparanase enzy-
matic activity in lysates of the mouse skin samples, har-
vested at defined phases of synchronized depilation-
induced hair growth, to verify the immunostaining
observations (Figure 1g). Heparanase activity was tested
by incubation (16 hours, 37°C) of skin lysate with a met-
abolically sulfate-labeled ECM. Sulfate-labeled degrada-
tion products released into the incubation medium were
subjected to gel filtration on Sepharose 6B columns.2%4"
The substrate alone consisted almost entirely of nearly
intact, high-molecular weight material eluted just after the
void volume (peak I, fractions 1 to 10, K, < 0.2). This
material (peak 1) has been previously shown to be gen-
erated by a proteolytic activity residing in the ECM itself
and/or expressed by the cells.*? The elution pattern of
labeled material released during incubation of the telo-
gen skin lysate with sulfate-labeled ECM showed only a
week heparanase enzymatic activity, attributed primarily
to the presence of residual heparanase-expressing blood
cells (ie, platelets, lymphocytes, neutrophils)*? in the skin
samples (Figure 1g). In contrast, a high heparanase ac-
tivity was detected in lysates from anagen skin, resulting
in release of 60 to 70% of the ECM-associated radioac-
tivity in the form of low-molecular weight sulfate-labeled
fragments (peak I, fractions 15 to 33, 0.5 < K_, < 0.8)
(Figure 1g).%>*" Labeled fragments eluted in peak Il were
shown to be degradation products of heparan sulfate
because they were fivefold to sixfold smaller than intact
heparan sulfate side chains, resistant to further digestion
with papain and chondroitinase ABC, and susceptible to
deamination by nitrous acid.*' These data indicate tight
regulation of heparanase expression during the hair
growth cycle. Moreover, the similarity between the spa-
tiotemporal distribution of heparanase-expressing ORS
keratinocytes and the hypothesized distribution of TA
cells, emanating from the bulge cell compartment and
repopulating the lower, cycling part of the follicle at the
onset of anagen,®*”° suggests involvement of the en-
zyme in this process.
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Figure 1. Heparanase expression during depilation-induced hair growth cycle. Dorsal skin of 7-week-old female C57BL/6 mouse was harvested at defined phases
of the hair cycle (telogen, day 0, unmanipulated skin; early anagen, 4 days after depilation; and peak anagen, 9 days after depilation) and processed for histology
(a—f) and tissue lysate preparation (g). a—f: Immunohistochemical analysis of heparanase expression (anti-heparanase antibody no. 733, reddish staining).
Telogen skin: no heparanase-positive cells are detected in the follicles (a). Early anagen: heparanase expression is still absent in follicles residing entirely in the
dermis (b) and begins in ORS keratinocytes (arrow) of the follicle traversing the dermis/subcutis boundaries and invading into the subcutaneous tissue (¢, inset).
Arrowhead: bulge region. Peak anagen skin: longitudinal (d, e) and transverse (f) sections of the follicle: heparanase-expressing cells are easily detected in the
ORS of the growing follicles (arrows). g: Heparanase enzymatic activity in lysates of telogen (A) and anagen (D skin. Tissue lysates, prepared from skin samples
collected on days 0 and 9 after depilation, were normalized for equal protein and incubated (24 hours, pH 6.0, 37°C) with sulfate-labeled ECM. Control ECM ( 4)
was incubated in reaction mixture without skin lysate. Labeled degradation fragments released into the incubation medium were analyzed by gel filtration on
Sepharose 6B, as described in Materials and Methods. h, i: Heparanase promoter activation during depilation-induced hair cycle. The back skin of C57BL/6] mice
was electroporated on day 2 after depilation (h) or day 5 (i) with CMV-LUC (top) and Hpse-LUC (bottom) reporter constructs. Forty-eight hours after reporter
construct electroporation, light emission was monitored by a CCCD camera, as described in Materials and Methods. Note that bioluminescent signal over the site
of Hpse-LUC electroporation was detected on day 5 after depilation only, whereas over the site of CMV-LUC electroporation, signal was detected on both days
2 and 5 after depilation. Original magnifications: X100 (a—f); X400 (¢, inset).

been previously shown to confer transcription promoter
activity, enabling LUC expression in various cell lines
transfected with the reporter construct (~500-fold in-

Course of Heparanase Promoter Activation
during Depilation-Induced Hair Cycle

We next used an in vivo electroporation technique, to
deliver the LUC reporter gene driven by heparanase
promoter to the mouse back skin at different time points
during the hair growth cycle. Recently, successful topical
delivery of DNA to mouse skin has been reported, result-
ing in effective transfection of plasmid, primarily to the
ORS-residing cells of the hair follicles.*® By monitoring in
vivo light emission with a CCCD camera we tested
whether heparanase induction occurs because of tran-
scriptional activation of the heparanase gene. After dep-
ilation-induced synchronized hair cycling, the lower back
skin of C57BL/6J mice was electroporated on days 2, 5,
and 7 with a reporter construct containing the hepara-
nase gene promoter region (1.9 kb) introduced in front of
LUC reporter gene (Hpse-LUC).2® This 1.9-kb region has

crease versus cells transfected with basic plasmid
alone).®® As a positive control, CMV promoter-lucif-
erase (CMV-LUC) construct was electroporated into a
different site in the upper back skin of the same ani-
mals at the same time points. Forty-eight hours after
reporter construct electroporation, light emission was
monitored by a CCCD camera. In mouse skin electro-
porated on day 2 after depilation, no bioluminescent
emission was detected over the site of Hpse-LUC plas-
mid electroporation (Figure 1h). However, in mice elec-
troporated on day 5 (Figure 1h) or day 7 (not shown)
after depilation, light emission was readily detected in
the site of Hpse-LUC plasmid electroporation. In con-
trast, at the site of control CMV-LUC plasmid electro-
poration, bioluminescent emission was detected in
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mice electroporated on either days 2, 5, or 7, regard-
less of the time lapsed between depilation and plasmid
electroporation (Figure 1, h and i), indicating that the
differences in light emission obtained with Hpse-LUC
plasmid were not because of variation in transfection
efficiency. These data demonstrate that the increase in
heparanase levels during anagen occurs through ac-
tivation of heparanase gene promoter at a specific
stage of the hair cycle.

Heparanase Is Expressed by Bulge Clonogenic
Keratinocytes and Required for Their Migration
in Vitro

To further investigate whether heparanase is specifically
expressed by the migrating progeny of the bulge stem
cells, we isolated clonogenic keratinocytes from the
bulge region of the rat vibrissa ORS, where significant
levels of the heparanase protein were detected by immu-
nostaining (Figure 2a), similar to the mouse follicle. Hair
follicle stem cell progeny have been previously identified
as bulge-residing keratinocytes with a high in vitro clono-
genic potential 5>7-9:32:44-46 Although hair follicle pluripo-
tent bulge cells are not fully characterized in terms of
specific markers, they preferentially express keratin 15
(K15).4% The isolated keratinocytes from the rat vibrissa
bulge region used in our experiments were highly clono-
genic (Figure 2b), positive for K15 as well as for K5, K6,
and K14 (Figure 2c), also known to be expressed by ORS
bulge keratinocytes.*” Furthermore, these cells lacked
K10 (Figure 2c), a known early marker of terminal kera-
tinocyte differentiation.®*” Moreover, these cells, when
cultured in vitro, moved with an average motility rate of
0.43 wm/minute, a typical mobility rate reported for epi-
dermal stem cells and their daughter TA cells.*® Based
on these characteristics and on previous reports by
Kobayashi and colleagues,®® and Oshima and col-
leagues,® we conclude that the obtained cell population
represents the immediate progeny of hair follicle stem
cells.

We next tested whether heparanase contributes to the
ability of clonogenic keratinocytes to penetrate ECM bar-
riers during their downward migration from the bulge
region. To mimic the in vivo conditions, we used the
Matrigel migration/invasion assay,*® previously applied
to demonstrate the role of heparanase in facilitating cel-
lular movement through ECM.2” Bulge clonogenic kera-
tinocytes were added to the upper compartment of 48-
well Boyden chambers and allowed to migrate through
porous polycarbonate membrane, coated with reconsti-
tuted basement membrane-like ECM (Matrigel), which
closely resembles in this assay the naturally occurring
ECM barrier for cell migration. The presence of laminaran
sulfate, a potent inhibitor of heparanase enzymatic activ-
ity,%° resulted in a significant and dose-dependent de-
crease in the ability of the bulge-derived clonogenic ker-
atinocytes to pass through Matrigel-coated filters (Figure
2d). Similar results were obtained when a different
heparanase-inhibiting compound (glycol split non-antico-
agulant heparin)®' was used (not shown). In contrast,

el Y-
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-
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Figure 2. Heparanase is expressed by clonogenic keratinocytes from rat vibrissa
bulge, representing hair stem cell population, and contributes to their migratory
ability. a: Longitudinal section of a Fisher 344 rat vibrissal follicle, stained with
anti-heparanase antibody (reddish staining). b: Cultured bulge keratinocytes
were isolated from bulge region (top) or lower portion of ORS (bottom) of rat
vibrissa follicles, fixed 9 days after isolation, and stained with crystal violet. Note
that almost all colony-forming keratinocytes were derived from the bulge
(heparanase-positive) portion, whereas little or no cell clones were obtained
from the lower ORS region, which is heparanase-negative. ¢: After 9 days in
culture, bulge clonogenic keratinocytes were washed with PBS and lysed in
RIPA buffer. The lysates were analyzed by Western blot with antibodies against
keratin (K) 5, 6, 10, 14, and 15, as described in Materials and Methods. Note the
presence of epidermal stem cell marker K15 and absence of K10, which is an
early marker of terminal differentiation. d: Invasion through Matrigel. Bulge
clonogenic keratinocytes were added (30,000 cells/well, 6 hours, 37°C, 5% CO,)
on top of Matrigel-coated filters, and incubated in keratinocyte-SFM containing
1% bovine serum albumin. Some cells were also treated with either 2 wg/ml or
20 pg/ml of laminaran sulfate (+LS), or preincubated for 15 minutes with 5
ng/ml of recombinant heparanase (+heparanase), followed by incubation on
the top of the Matrigel-coated filters. The bottom chambers were filled with
complete growth medium, containing epidermal growth factor (2.5 ug/500 ml),
bovine pituitary extract (25 ug/500 ml), and 10% fetal calf serum. For a negative
control (cont.), the bottom chamber was filled with keratinocyte-SFM. The
number of cells/field on the lower surface of the filter was determined as
described in Materials and Methods. Each data point represents the mean * SD
of triplicate filters. Original magnification, X50 (a).



preincubation of the bulge clonogenic keratinocytes with
recombinant heparanase (5 ug/ml) for 15 minutes before
the assay facilitated cell movement across the Matrigel-
coated filters (Figure 2d).

Increased Follicle Length, Dermal Thickness,
and Anagen Duration during the First Postnatal
Hair Cycle in hpa-Transgenic Mice

To investigate whether heparanase directly affects follicle
cycling, we studied the physiological first postnatal hair
cycle in heparanase-overexpressing transgenic mice
(hpa-tg mice) expressing, among other tissues and or-
gans, elevated levels of heparanase in follicular keratin-
ocytes.®° Skin samples derived from hpa-tg and control
wild-type newborn mice were harvested on postnatal
days 8, 12, 16, and 20, and evaluated for hair follicle
development. As shown in Figure 3, a and b, histological
analysis at postnatal day 8 revealed hair follicles in both
control and hpa-tg mice at stage 6 to 7 of postnatal hair
development, morphologically identical to anagen IV to V
of later cycles,®® indicating simultaneous initiation of the
physiological first postnatal hair cycle in both types of
mice. At postnatal day 16 (Figure 3, ¢ and d), when the
follicles of wild-type mice (Figure 3c) had already entered
the early catagen phase (catagen II1),3* the majority of
hair follicles in the hpa-tg mice (Figure 3d) were still
actively growing (stage 8, identical to anagen VI1).%®> On
postnatal day 20, the majority of follicles in the control
wild-type skin were scored as late catagen (catagen VIl
to VIII; Figure 3e), whereas in hpa-tg skin the follicles
were at mid-catagen (Figure 3f). The prolonged active
growth of hpa-tg follicles was reflected by a difference in
skin thickness (Figure 3g), previously shown to corre-
spond to the follicle length®® and the stage of hair cy-
cle.?#3% No statistically significant difference in the cuta-
neous thickness (dermis + subcutis) of control wild-type
versus hpa-tg skin was observed at postnatal day 8,
further confirming concomitant initiation of follicular de-
velopment in both these mice. However, on postnatal
days 12, 16, and 20, a significant increase in cutaneous
thickness was measured in the hpa-tg mice, as com-
pared to their wild-type counterparts (Figure 3g). In ad-
dition, termination of the active phase of hair growth
(reflected by the decrease in cutaneous thickness) was
detected in wild-type but not in hpa-tg mice on postnatal
day 16 indicating a delay of catagen onset in the trans-
genic skin. Similar differences in cutaneous thickness
were observed during depilation-induced hair cycle in
hpa-tg versus wild-type mice on days 8 (0.81 = 0.06 mm
versus 0.67 = 0.07 mm, P = 0.001) and 13 (0.82 + 0.03
mm versus 0.73 = 0.06 mm, P = 0.007) after depilation
(not shown).

Enhanced Hair Regrowth after Chemotherapy-
Induced Hair Loss in hpa-tg Mice

The observed effects of heparanase on normal hair de-
velopment and cycling led us to examine the conse-
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Figure 3. Course of the physiological first postnatal hair cycle in control
wild-type and hpa-tg mouse skin. a, b: A representative skin section of
control wild-type (a) and hpa-tg (b) mice at postnatal day (pd) 8, with the
majority of follicles at stage 6 to 7 of postnatal morphogenesis, identical to
anagen IV to V of subsequent cycles. ¢, d: On postnatal day 16, hair follicles
of wild-type mice reached catagen III phase (c¢), while hpa-tg follicles (d) are
actively growing (stage 6 to 7 of postnatal morphogenesis, corresponding to
anagen VI of later cycles; asterisk designates a representative follicle in each
stage). e, f: Skin section of wild-type (e) and hpa-tg (f) mice on postnatal day
20. Late catagen follicles (catagen VII to VIII) are mostly represented in
wild-type skin (e), while mid-catagen follicles are observed in hpa-tg skin
(£). g: Dermal thickness (dermis + subcutis) changes during the physiolog-
ical first postnatal hair cycle in wild-type (open bars) and hpa-tg (filled
bars) mice. H&E-stained sections were evaluated as described in Materials
and Methods. Data are expressed as mean = SEM. The two-tailed P values
were calculated using the #test. Original magnifications, X100 (a—f).

quences of heparanase overexpression in an animal
model of impaired hair growth. We used the cyclophos-
phamide (CYP)-induced alopecia model®® to compare
the rates of follicle recovery in hpa-tg versus control wild-
type mice after hair loss in response to CYP chemother-
apy. Administration of two repetitive doses of CYP to both
hpa-tg and wild-type female mice resulted in severe hair
loss on experimental day 15. A single dose administration
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Figure 4. Accelerated hair regrowth in hpa-transgenic mice after chemother-
apy-induced alopecia. Control wild-type and hpa-tg mice were depilated and
treated with cyclophosphamide (CYP, two injections of 125 mg/kg body
weight, on experimental days 1 and 3) to mimic a severe chemotherapy-
induced alopecia. By experimental day 15, the mice in both wild-type (a)
and hpa-tg (b) groups showed involution and regression of hair follicles, as
revealed by histological examination of tissue sections. Macroscopically,
complete alopecia on the dorsal skin was readily detected at that stage (not
shown). On experimental day 30, intense hair regrowth was evident both by
histology (d) and gross examination (f) in hpa-tg, but not control mice (c, e).
Original magnifications, X100 (a—d).

of CYP produces two distinctive patterns of follicle dam-
age: a mild form (dystrophic anagen) and a more severe
response known as dystrophic catagen.®® In our experi-
ments, repeated administration of two consecutive doses
of CYP resulted, as expected, in a significant increase in
the relative percentage of dystrophic catagen follicles
(Figure 4, a and b). Macro- and microscopic observa-
tions on experimental day 30 revealed restricted hair
regrowth on wild-type mice skin (Figure 4e), probably
because of a small fraction of the follicles that reached
the active growth phase, while the majority of follicles
were still in telogen (Figure 4c). By the same experimen-
tal day, a higher proportion of follicles have been actively
growing in hpa-tg skin and a higher rate of hair growth
recovery was observed (Figure 4, d and f). These data
demonstrate that endogenously elevated levels of
heparanase allow for a faster regrowth of hair in mice with
chemotherapy-induced alopecia.

Discussion

The mammalian endoglycosidase heparanase is the pre-
dominant functional enzyme degrading heparan sulfate
moieties, ubiquitously associated with the cell surface
and ECM."92% This enzymatic activity is crucial for many
fundamental biological processes that involve ECM dis-
integration, cell adhesion, and migration (ie, pregnancy,
morphogenesis, inflammation, angiogenesis, cancer me-
tastasis.'® 172572880 Here, we show that heparanase is
involved in hair follicle development and growth. Overex-

pression of heparanase in a mouse transgenic model
enhanced both normal hair growth and recovery after
chemotherapy-induced hair loss. We found that in C57/
BL6 mice, expression and cellular distribution of endog-
enous heparanase through sequential phases of the hair
growth cycle parallel the route and timing of TA cells
(bulge-derived keratinocyte stem cell progeny) migration
and reconstitution of the lower, cycling portion of the
follicle.* By monitoring in vivo activation of luciferase
gene, driven by heparanase gene regulatory sequence,
we demonstrated that the highly coordinated pattern of
its expression occurs through activation of heparanase
gene promoter at a specific stage of the hair cycle.
Furthermore, we have shown that clonogenic keratino-
cytes isolated from the rat vibrissa bulge and closely
related to the vibrissa follicle stem cell progeny,®32 ex-
press heparanase when cultured in vitro. Treatment of
these bulge-derived clonogenic keratinocytes with
heparanase enzymatic inhibitors (laminaran sulfate, spe-
cies of heparin) caused a dose-dependent decrease in
their ability to traverse a layer of Matrigel (reconstituted
ECM preparation), whereas preincubation with exoge-
nous recombinant heparanase increased their migration
through Matrigel. Interestingly, heparin, a powerful inhib-
itor of heparanase activity,®® was reported to suppress
the development of anagen follicles in mice,®* although
this effect was not attributed to the anti-heparanase prop-
erties of the compound. Moreover, our preliminary exper-
iments demonstrate that local in vivo electroporation of
anti-heparanase siRNA into the mouse skin markedly
inhibited depilation-induced follicle activation (anagen),
further corroborating the involvement of heparanase in
hair growth.

Possible interpretation of the above data are that dur-
ing active hair growth, heparanase contributes to the
ability of TA cells to move through ECM barriers. Obvi-
ously, the migration of these cells along the ORS toward
the bulb would require their release from adhesion sites
and subsequent penetration of the ECM. Each of these
processes is dependent, at least in part, on heparanase-
mediated degradation of cell surface- and ECM-associ-
ated heparan sulfate.’®2” The importance of hepara-
nase-mediated cleavage of extracellular heparan sulfate
in hair biology may not be restricted merely to the re-
moval of physical obstacles for cell migration. Several
heparan sulfate-bound growth factors, implicated in hair
growth and differentiation (ie, fibroblast growth factor,
keratinocyte growth factor, vascular endothelial growth
factor, and hepatocyte growth factor),?2? are seques-
tered in the ECM and the basement membrane and could
be released in an active form by means of enzymatic
degradation of heparan sulfate.’®'7:19:21.24 g have pre-
viously shown that heparanase releases heparan sulfate-
bound basic fibroblast growth factor from ECM depoits,
and at the same time generates bioactive heparan sulfate
degradation fragments, potentiating the growth factor ac-
tivity.'®28 This mode of action seems to be particularly
relevant to explain the observed activation of hair re-
growth in hpa-tg but not wild-type mice after CYP-in-
duced alopecia. Expression of transgenic heparanase in
this model is driven by a constitutive p-actin promoter®°



and therefore is not restricted to ORS keratinocytes dur-
ing early-mid anagen, as shown for endogenous hepara-
nase. In such a case the major contribution of hepara-
nase to hair recovery may not be through facilitation of
cell migration, but rather via enhanced release of ECM-
sequestered, HS-bound growth factors regulating hair
growth (keratinocyte growth factor, hepatocyte growth
factor, and so forth) that may induce anagen earlier than
in wild-type mice in which heparanase expression is re-
stricted in time.

In the normally cycling follicle, heparanase expressed
by TA cells that move downward and repopulate the
lower follicle, may promote further TA cell proliferation
and differentiation in a similar manner, via release of
heparan sulfate-bound growth factors residing in the
basement membrane that separates the epithelial core of
the follicle from the mesenchymal elements (connective
tissue sheath and dermal papilla).2"2%2° Finally, a recent
report showed that improved follicle vascularization pro-
motes hair growth,?? suggesting that part of the observed
heparanase effects may also be attributed to its known
proangiogenic activity.'®?® Although the above-men-
tioned mechanistic aspects are not fully elucidated, our
results provide the first evidence for functional involve-
ment of heparanase in hair follicle growth and encourage
development of novel heparanase-based strategies for
the treatment of hair growth disorders.
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