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Abstract

Pigment epithelium-derived factor (PEDF) is a multifunctional factor with potent anti-angiogenic
activity that may play a role in skin homeostasis and wound healing. Analysis of PEDF levels
demonstrated that PEDF levels are high in normal skin but quite low in early wounds. As previous
studies have suggested that keratinocytes can produce PEDF, we investigated how conditions that
mimic those found at sites of injury influence PEDF production by keratinocytes in vitro. Both
injury by mechanical disruption (scratch assay) and treatment of human keratinocytes with
inflammatory cytokines (IL-1p, IL-6 and TNF-a) inhibited PEDF expression. We next examined
how PEDF affects keratinocyte functions that are important in tissue repair. Treatment of
keratinocytes with exogenous PEDF enhanced keratinocyte adhesion, therefore impairing
migration, while having no effect on cell proliferation. The results suggest that modulation of
PEDF levels may play a pivotal role in skin homeostasis and the response of keratinocytes to
injury or inflammatory insults.
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Background

PEDF (Serpinfl) is a 50 kDa secreted glycoprotein that belongs to the superfamily of serine
protease inhibitors. PEDF has been demonstrated to be one of the most potent endogenously
produced physiological and pathological anti-angiogenic factors (1, 2), and also has direct
and indirect suppressive effect on tumor growth (3). PEDF has been detected in multiple
tissues including brain, spinal cord, liver, bone, eye, heart, lung, and plasma (4). PEDF
expression has also been reported in the dermal and epidermal layers of skin. Alterations in
the levels of PEDF have been implicated in skin aging and the pathogenesis of some skin
conditions, including melanoma, psoriasis and condyloma acuminatum (5-8). Given its
functions and wide pattern of expression, PEDF has been proposed to be a factor that
promotes the return to tissue homeostasis following pathologic insult (9). Evidence for such
function has been described in the horse, a species in which PEDF levels have been shown
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to undergo modulation in skin wounds (10). During wound healing, keratinocytes proliferate
and migrate across the wound bed, contributing to wound closure; these cells act upon and
respond to signals from the underlying vascularized dermis. While it is likely that PEDF
plays a role in the regulation of angiogenesis that is critical to skin homeostasis and recovery
from injury, it is unknown whether secreted PEDF participates in the dynamic reciprocity
between epidermal and dermal layers. Therefore, we examined the regulation of PEDF
expression in keratinocytes under in vitro conditions that mimic those of a skin wound. The
data demonstrates that PEDF expression in primary isolated skin keratinocytes is modulated
by injury stimuli, including a mechanical disruption and inflammatory cytokines. Our results
suggest a role for PEDF in modulating not only angiogenesis, but also keratinocyte function
following tissue injury.

Questions addressed

Effects injury-related stimuli on PEDF expression in human skin keratinocytes in vitro;
effects of PEDF on keratinocyte adhesion, migration, and proliferation in vitro.

Experimental design

Results

See supplemental materials.

From our existing microarray database (11), the relative gene expression of PEDF in mouse
skin wounds was significantly decreased at 12 hours post-wounding when compared to
uninjured skin (8.9 vs 10.7, p<0.05). Resolving wounds (day 10) showed PEDF levels
similar to control normal skin. In a mouse dermal burn wound model, PEDF was
downregulated at 0 and 2 hours and upregulated at days 3 and 14 post-wounding (GEO
profile 1D2328534) (12), a pattern which was similar to our data. Comparable to early
wounds, in vitro injury of NHEK by mechanical scratch wound also resulted in a significant
decrease in PEDF mRNA expression from one to 24 hours after injury (Fig. 1a,
p<0.01-0.001). The early wound environment contains multiple inflammatory cytokines; in
particular IL-1B, IL-6, and TNF-ahave been shown to be markedly increased in early skin
wounds or injured NHEK (11, 13). To examine if a proinflammatory environment similar to
that found at sites of skin injury might influence PEDF expression, NHEK were exposed to
a range of concentrations of IL-1p, IL-6, or TNF-a for 24 hours. Treatment with 1L1f or
TNF-a at the highest concentration of 50ng/ml resulted in a statistically significant decrease
in PEDF mRNA expression (Fig. 1b, p<0.01). This result was further validated upon review
of an available microarray GEO profile of IL-1p treated keratinocytes (ID 35957232) (14).
IL-6 treatment also decreased the expression of PEDF at the two highest concentrations of 2
and 50ng/ml, although the decrease did not reach statistically significance (Fig.1b, p>0.05).
Similar to the mRNA findings, levels of PEDF protein production were significantly
decreased by each independent cytokine treatment at the 50ng/ml dose (Fig.1c, p<0.05).

PEDF has previously been shown to inhibit migration and proliferation in the human
keratinocyte cell line HaCAT (15) and in endothelial cells (1); therefore, we wondered if
PEDF would have similar effects on primary NHEK. Using a scratch wound assay on a
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monolayer of NHEK, cells were treated with exogenous purified recombinant human PEDF.
The results revealed that treatment with PEDF at concentrations ranging from 0.2-500ng/ml
significantly inhibited NHEK migration in the scratch assay (Fig. 2a&b). This effect was
further examined using a transwell migration assay. PEDF had a dose-dependent inhibitory
effect on migration in the transwell migration assay (Fig. 2c), providing additional evidence
that PEDF negatively affects keratinocyte migration. Furthermore, a similar exposure to
PEDF resulted in a significant increase in the in vitro adhesion capacity of NHEK (Fig. 2d).
In contrast, PEDF treatment did not affect NHEK proliferation (data not shown).

The above results suggest that the early decrease of PEDF that is observed in wounds may
be due to the surge of inflammatory cytokines and/or mechanical disruption of the
keratinocyte layer. As the healing process progresses into the proliferative phase, the
inflammatory response subsides, and PEDF returns to its uninjured level. In the resolving
wound, restored levels of PEDF may inhibit further wound angiogenesis and encourage
vascular regression. PEDF may modulate epithelial migration and thus support the return to
skin homeostasis. We speculate that secreted PEDF may play an important role in the
dynamic reciprocity between the epidermal and dermal layers of a healing wound. Future
studies regarding the in vivo role of PEDF are needed to fully understand its function in
wound healing.

Conclusion

PEDF decreases in the early stage of skin wound healing and returns to normal levels in the
later remodeling phase. Mechanical injury to human skin keratinocytes in vitro results in a
decrease in PEDF expression. Inflammatory cytokines such as those found in wounds also
cause a decrease in keratinocyte PEDF production in vitro. While an anti-angiogenic role for
PEDF in wounds seems likely, the results here show that PEDF can also regulate
keratinocyte migration via increased cellular adhesion. The current study suggests that
PEDF may play multiple important roles in skin wound healing. Furthermore, the
modulation of PEDF production in keratinocytes by inflammatory stimuli may have
implications for the pathogenesis of various inflammatory skin pathologies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
PEDF expression decreases in injured and inflammatory cytokine treated NHEK. a) NHEK

monolayers were wounded by scratch injury. PEDF mRNA expression at 1, 5, and 24h after
injury was analyzed by real time PCR. (*p<0.01-0.001 compared to uninjured control, t
test). b,c) NHEK monolayers were treated with a range of concentrations of inflammatory
cytokines (0.02-50ng/ml, IL-1p, IL-6 or TNF-a. PEDF mRNA and protein levels were
examined 24h after treatment by real time PCR and ELISA respectively (*p<0.01, #p<0.05
compared to untreated control, t test). Results are expressed as means * standard deviations,
n= 3. Similar results were obtained by using cells from another subject.
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Figure 2.
PEDF inhibits NHEK migration and increases adhesion. a,b) Scratch migration assay:

NHEK monolayers were treated with mitomycin C for 2 hours followed by the production
of mechanical scratches and incubation with or without PEDF (0.02-500ng/ml) for 24 hours.
The percent of the unoccupied area in the wounds was calculated compared to the time 0
untreated value (*p<0.01-0.001 compared to untreated control/Ong/ml, t test). ¢) Transwell
migration assay: NHEK (1x10°) were added in an upper chamber of 24-well transwell plate;
lower chambers contained culture medium with a range of concentrations of PEDF.
Following a 4 hour incubation period, the number of cells that had migrated was counted. d).
Adhesion assay: NHEK (1x10°) were cultured in a 96-well plate treated PEDF for 4 hours.
The unattached cells were washed and adherent cells were fixed in ethanol, stained by
crystal violet and then lysed by Triton x-100. The optical density at 550 nm was measured.
(*p<0.001 compared to untreated control using at test). e) Proliferation assay: 5x103 NHEK
cells/well were cultured in 96-well plate. After 24 hours, PEDF (0.02-500ng/ml) was added
and the cells were then incubated for further 24 hours. Cell proliferation was examined using
CellTiter 96® Aqueous Non-Radioactive Cell Proliferation Assay kit (Promega). For all
experiments of Figure 2, results are expressed as means + standard deviations, n=3. Similar
results were obtained by using cells from another subject.
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