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Elafin has a primary structure with two functional domains; a transglutaminase substrate domain at the
N-terminus and a protease inhibitor domain at the C-terminus. Elafin expression has so far been reported only
for epithelial tissues. Accumulation of elafin was immunohistochemically detected in the actinic elastosis of
sun-damaged skin. Exposure of normal skin to UVA induced elafin expression that colocalized with elastic
fibers. Incubation of synthetic transglutaminase substrate domain of elafin and elastin molecules in the
presence of tissue transglutaminase in vitro resulted in the formation of a higher molecular complex on SDS-
PAGE. Elafin expression was not detected in normal cultured skin fibroblasts, but was induced by UVA
irradiation at both messengerRNA and protein levels. When radiolabeled insoluble elastin was incubated with
recombinant full-length elafin and tissue transglutaminase, insoluble elastin became more resistant to
neutrophil elastase digestion. These results indicate that (1) dermal fibroblasts potentially express elafin on UV
irradiation, (2) UV-mediated elafin interacts with elastin, and (3) the elafin–elastin complex protects elastic fibers
from elastolytic degradation, leading to the accumulation of elastic fibers in the actinic elastosis of sun-
damaged skin. The transglutaminase substrate moiety of elafin plays an important role in anchoring elafin at its
proper sites of action during UV-induced aging processes.
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INTRODUCTION
There are two different processes in skin aging; chronologi-
cal, and photo-induced. Photoaging is related to severe UV-
induced damage of the dermal extracellular matrix (Fisher
et al., 2002), which is characterized clinically by wrinkle
formation and loss of recoil capacity, and histologically by
accumulation of disintegrated abnormal elastic fibers in the
upper dermis, which is defined as actinic elastosis. The
mechanism of the accumulation of altered elastic fibers in the
photo-damaged skin is unclear at present, but is important in
the search for anti-photoaging drugs (Mera et al., 1987;
Sellheyer, 2003). Accumulation of abnormal elastic fibers is
considered because of overproduction and/or decreased
degradation of elastic fibers. Elastin and fibrillin expression
in sun-damaged skin is reported to be increased several-fold
(Bernstein et al., 1994); however, no information on elastin

degradation in sun-damaged skin is available. Several
investigators have shown that exposure of skin to UV light
leads to sustained elevation of matrix metalloproteinases
(MMPs) (MMP-1, -2, -7, -8, and -12) (Fisher et al., 1997;
Saarialho-Kere et al., 1999; Ohnishi et al., 2000) and elastase
secreted by infiltrating neutrophils or dermal fibroblasts
(Tsukahara et al., 2001; Teunissen et al., 2002; Cavarra
et al., 2002), implying that degradation of elastic fibers by
elastolytic enzymes is also involved in the formation of
actinic elastosis. The activities of MMPs and elastase are
regulated by the specific protease inhibitors, tissue inhibitor
of metalloproteinases (TIMPs) and skin-derived antileuko-
proteinase (elafin), respectively. Previous studies have demon-
strated that the effects of UV irradiation on TIMP expression
are varied; UV irradiation causes no significant change in
TIMP-1 and -2 expression in dermal fibroblasts (Brenneisen
et al., 1996; Kawaguchi et al., 1996), or decreases TIMP-2
expression (Oh et al., 2004), or increases TIMP-1 expression
(Fisher et al., 1997). Elafin expression in the epidermis of
normal skin is reported to be increased by UVB irradiation
(Pfundt et al., 2001), but the effects of UV irradiation on elafin
expression in dermal fibroblasts has never been studied.

The trappin gene family has a unique protein structure
defined by (1) an N-terminal domain consisting of a variable
number of repeats with the consensus sequence GQDXVK
that can act as a substrate for transglutaminase crosslinking,
and (2) a C-terminal four-disulfide core or whey acidic
protein domain that harbors a functional motif involved in the
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binding of proteinases (Schalkwijk et al., 1999). Elafin/skin-
derived antileukoproteinase or trappin-2 is a member of the
trappin gene family, and has a transglutaminase substrate
domain at its N-terminal region that is also called ‘‘cemen-
toin’’ (Nara et al., 1994) and a proteinase inhibitor domain at
its C-terminal region. The protease inhibitor domain carries
an inhibitory function against at least three serine proteinases,
human leukocyte elastase, porcine pancreatic elastase, and
human leukocyte proteinase 3 (Wiedow et al., 1991; Ying
et al., 1994; Pfundt et al., 1996). The transglutaminase
substrate domain possesses a GQDXVK sequence and is
considered to crosslink with epidermal proteins, keratin 1,
and loricrin by transglutaminase (Steinert and Marekov,
1995). Elafin is exclusively expressed by epithelial cells,
including the skin epidermis, and mucous epithelium in
the trachea, esophagus, and vagina. In the skin epidermis,
elafin is extensively found in the subcorneal differentiated
keratinocytes of psoriatic epidermis, and absent from normal
keratinocytes (Schalkwijk et al., 1993, 1999; Nonomura
et al., 1994). Previous studies have been focused on epithelial
cells, and no information on their expression in mesenchymal
cells such as dermal fibroblasts is available at present.

We, here, found elafin accumulation in the degenerated
elastic fibers of photo-damaged skin. Because dermal
fibroblasts are responsible for the production/degradation of
dermal extracellular matrix proteins, the result led us to
investigate whether (1) UV irradiation induces elafin expres-
sion in cultured dermal fibroblasts, (2) elafin induced by UV
irradiation in fibroblasts interacts with elastin via the trans-
glutaminase substrate domain in vitro, and (3) crosslinked
elafin may protect elastic fibers from elastolytic degradation.
This paper highlights the importance of elafin in elastin
accumulation in sun-damaged skin.

RESULTS
Elafin immunoreactivity with elastic fibers of
photo-damaged skin
Immunohistochemical studies using mAb against elafin
revealed that there was no immunoreactivity in the skin
obtained from a sun-exposed area (face) of a 9-year-old child
(case 20 in Table 1) (Figure 1a), whereas in the skin obtained
from sun-exposed areas (face) of 57- and 79-year-old patients
(cases 11 and 8, respectively, in Table 1), a strong elafin
immunoreactivity was observed in the degenerated elastic
fibers of actinic elastosis (Figure 1b and c). In addition, the
subcorneal region of the epidermis from the aged patients
reacted with anti-elafin antibody, whereas the epidermis from
the 9-year-old child did not (Figure 1a–d). This is consistent
with the previous report (Pfundt et al., 2001), and supports
the specificity of the antibody used. Thirty-two sun-exposed
and sun-protected skin samples derived from subjects
of various ages (7–92 years) were immunohistochemically
examined (Table 1). No elafin immunoreactivity was detect-
ed in sun-protected skins (cases 21–32; 7–90 years), or in
eight sun-exposed skin samples from subjects of younger age
with low-grade actinic elastosis (G0 and 1) (cases 13–20;
9–49 years). A strong, moderate, or partial positive reaction
was observed in sun-exposed skin with high-grade actinic

elastosis (G3 and 4) (cases 1–10; 77–92 years) (Table 1).
Polyclonal antibody against the transglutaminase substrate
domain showed essentially similar results, but the extent of
immunoreactivity was lower than that with the mAb (not
shown). mAbs against TIMP-1 and -2 showed no significant
immunoreactivity with actinic elastosis (not shown).

Table 1. Immunoreactivity of sun-exposed and
sun-protected skins with monoclonal anti-elafin
antibody

Case
no1 Age/sex Site

Degree of
actinic elastosis2

Reactivity with
anti-elafin antibody3

1 92/F Face G4 7

2 85/F Face G4 +

3 85/F Face G3 +

4 84/F Face G4 +

5 80/F Face G4 7

6 80/M Face G3 +

7 79/M Face G3 7

8 79/M Face G3 ++

9 77/F Face G3 7

10 77/F Face G4 7

11 57/F Face G2 +

12 52/F Face G2 �

13 49/F Face G1 �

14 32/M Face G1 �

15 28/F Face G0 �

16 24/M Face G0 �

17 20/F Face G0 �

18 19/F Face G0 �

19 13/F Face G0 �

20 9/F Face G0 �

21 90/F Abdomen G0 �

22 86/F Abdomen G0 �

23 80/M Abdomen G0 �

24 70/M Abdomen G0 �

25 69/F Back G0 �

26 64/M Abdomen G0 �

27 61/M Abdomen G0 �

28 33/F Buttock G0 �

29 26/F Buttock G0 �

30 13/M Buttock G0 �

31 8/M Abdomen G0 �

32 7/F Buttock G0 �

Abbreviations: F, female; M, male.
1Cases 1–20 indicate sun-exposed skins and cases 21–32 indicate sun-
protected skins.
2Degree of actinic elastosis was scored according to the criteria by
Kligman (1969).
3++, strongly positive; +, moderately positive; 7, partially positive;
�, negative.
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Single exposure to UVA (10 J/cm2) of normal skin taken
from a sun-protected area of an 8-year-old patient induced
elafin-immunoreactive fibers in the dermis (Figure 2a and b)
compared to UVB irradiation (0.5 J/cm2), which minimally
induced them (Figure 2c). Double immunofluorescence
studies using elafin and tropoelastin antibodies revealed that
elafin immunoreactivity induced by UVA irradiation coloca-
lized with elastic fibers (Figure 2d–f). Similar immunohisto-
chemical results were obtained for the other skin samples
from 18-, 21-, 23-, and 24-year-old patients (data not shown).
In vivo irradiation with UVA to the back skin of a patient
with suspected photosensitive dermatitis also induced
elafin-immunoreactive elastic fibers (Figure 2g–i). The results
suggest that elafin is induced by UVA irradiation and exhibits
a distribution similar to that of elastic fibers in the dermis.

In vitro crosslink formation by elafin and tropoelastin

To prove that elafin binds to elastin via tissue TGase in vitro,
two species of synthetic elafin peptides (elafin a, N-terminal
crosslinking domain; elafin b, C-terminal protease inhibitor
domain) and recombinant tropoelastin were incubated in the
presence of tissue TGase, and the resulting elafin–elastin
complex was examined in vitro by immunoblotting assays.
When the blots were incubated with anti-elastin antibody, a
higher molecular complex of elastin (75 and B200 kDa)
appeared only in the combination of elafin a (cementoin),
tropoelastin, and tissue TGase (Figure 3a, lane 4). In other

combination sets, the elastin molecule (68 kDa) and its
multiple degradation products (below 68 kDa) were detected
(Figure 3a, lanes 1–3 and 5). When the blots reacted with
polyclonal anti-elafin antibody against the N-terminal do-
main, elafin peptide a (migration position shown by arrow-
head), and TGase produced protein complexes with
molecular weights of 40 and 46 kDa, which are considered
self-aggregation forms of elafin a (Figure 3b, lane2). The
combination of elafin a and tropoelastin in the presence of
tissue TGase produced several high molecular weight (55,
68, 75, 120, and B200 kDa) polypeptides as well as 40 and
46 kDa polypeptides. The polypeptides of 55 and 68 kDa
were considered as complexes of elafin a and degraded
elastin (Figure 3, lane 3).

UVA irradiation and IL-1b induce elafin expression in
cultured dermal fibroblasts

To define the regulation of elafin expression in actinic
elastosis, elafin expression in cultured fibroblasts was
determined by RT-PCR assays. We tested the effects of
various cytokines, including IL-1b, tumor necrosis factor-a,
transforming growth factor-b, and IFN-g, on the expression of
elafin. Untreated (control) cells expressed no significant
amount of elafin messenger RNA (mRNA) (Figure 4a, lane
1). In addition, no elafin mRNA was detected in cells treated
with transforming growth factor-b (lane 2), tumor necrosis
factor-a (lane 3), or IFN-g (lane 6). IL-1b alone was found to
enhance the elafin mRNA level (297 bp) in cultured
fibroblasts at doses of 10 and 100 ng/ml (Figure 4a, lanes 4
and 5). Elafin mRNA was detectable in UVA-irradiated
fibroblasts irrespective of the dose of radiation (0.5 and 1 J)
(Figure 4a, lanes 7 and 8), whereas UVB failed to induce
elafin mRNA at a dose of 50 mJ (Figure 4a, lane 9). Elafin
mRNA was expressed in the cultured keratinocytes, as
described previously (Alkemade et al., 1994), but to a lesser
extent than in the treated fibroblasts (Figure 4a, lane 10).

To confirm the results of RT-PCR, real-time PCR was
performed (Figure 4b). Because untreated control fibroblasts
did not express detectable amounts of elafin mRNA, relative
values from cells treated with IL-1b (10 ng/ml) were calcu-
lated. IL-1b-treated (100 ng/ml) cells, UVA-irradiated cells,
and keratinocytes were found to express 1.4-, 11-, and 14-fold
elafin mRNA respectively, compared with IL-1b-treated
(10 ng/ml) cells.

Because elafin polypeptide contains a signal sequence at
its N-terminal domain and was considered to be secreted
mostly into the culture medium, we measured the elafin level
present in the medium fraction. Western blot assays demon-
strated that treatment of cultured fibroblasts with IL-1b (50 ng/
ml) upregulated elafin polypeptide (12 kDa) in culture media,
whereas no detectable elafin was observed with the untreated
cells (Figure 5, lanes 1 and 2). Irradiation of cultured
fibroblasts by UVA induced 12 kDa elafin-immunoreactive
polypeptide in the culture media at doses of 0.5 and 1 J
(Figure 5, lanes 3 and 4), in contrast to UVB irradiation (50
and 100 mJ) (Figure 5, lanes 5 and 6). Elafin polypeptide was
undetectable in the untreated cells (Figure 5, lane 7).
Cultured keratinocytes treated with IL-1b (50 ng/ml) showed

a

b

c

d

Figure 1. Elafin accumulation in elderly sun-exposed skin. Paraffin-

embedded skin specimens were obtained from sun-exposed areas (face) of

(a) a 9-year-old, (b) a 56-year-old, and (c) a 79-year-old patient. The skin

sections were incubated with monoclonal anti-elafin antibody (1:50) (left)

and polyclonal anti-elastin antibody (1:100) (middle), or both (right),

then with secondary Ig antibodies. High magnification of the area of the

dermal–epidermal junction in (c) is presented to show the presence of

(d) elafin-immunoreactive epidermis. (a–d) Solid lines indicates the

dermal–epidermal junction. (a–d) Bar¼100 mm.
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multiple 11–12 kDa polypeptides (Figure 5, lane 8). Hetero-
geneous molecular weights of elafin polypeptides have been
reported, depending on the material studied: 6 kDa in
psoriatic scales, B9 kDa from skin extracts, and 8–10 kDa
in cultured keratinocytes (Schalkwijk et al., 1991; Alkemade
et al., 1994) and 4 kDa from tracheal mucous epithelium
(Nara et al., 1994). The molecular weight of elafin polypep-
tide in the cultured fibroblasts seems to be consistent with
that in the cultured keratinocytes.

Degradation of elafin crosslinked insoluble elastin by leukocyte
elastase
To prove the inhibitory activity of the crosslinked elafin
against its target protease, radiolabeled insoluble elastin
(specific activity 5.3�105 c.p.m./mg) was pretreated with
recombinant full-length elafin and TGase, and then digested
with neutrophil elastase. In the positive control experiments,
radiolabeled elastin was found to be proportionately de-
graded within at least 4 hours by neutrophil elastase (Figure 6,
~—~), whereas, in the negative control experiments, no
significant degradation was detected in the absence of
elastase (Figure 6, KK). When the elastin was incubated with
elafin and TGase before elastase digestion, the degradation
rate of elastin by elastase was significantly decreased

(Figure 6, ’’). When the insoluble elastin was pretreated
with elafin alone, it degraded at the same rate as the positive
control (Figure 6, mm).

DISCUSSION

We found elafin accumulation in the elastic materials of
actinic elastosis in elderly subjects, but not in the sun-
exposed skins of young people or in sun-protected skin of all
ages. Because the deposited material in actinic elastosis has
been reported to be derived from disintegrated elastic fibers,
that is, caused by long-term UV irradiation, accumulation of
elafin in sun-damaged skin may be related to UV irradiation.
Negative immunoreactivity of anti-TIMP-1 and -2 antibodies
with sun-damaged skin suggests that elafin rather than TIMP
is involved in the accumulation of elastic fibers. Several
investigators have shown that exposure of the skin to UV
induces leukocyte infiltration (Woodbury et al., 1994) and
elastase secreted by leukocytes or dermal fibroblasts (Tsuka-
hara et al., 2001; Cavarra et al., 2002; Teunissen et al., 2002).
Moreover, neutrophil elastase is considered to be an
important mediator in the development of actinic elastosis,
because elastic fibers in the leukocyte elastase-deficient mice
were unaffected by exposure to UV irradiation, whereas in
normal mice the elastin content was altered following UV

a

d

g

b

e

h

c

f

i

Figure 2. UVA induces elafin-immunoreactive fibers. (a–c) Normal skin from a sun-protected area (buttocks) of an 8-year-old patient were irradiated with

(a) none or (b) UVA (10 J/cm2), or (c) UVB (0.5 J/cm2) immediately after surgical resection. After incubation at 371C for 18 hours, skin specimens were embedded

and incubated with monoclonal anti-elafin antibody (1:50). (d–f) A double immunofluorescence study was performed on an UVA-irradiated skin specimen

taken from the buttock of an 8-year-old patient using (d) monoclonal anti-elafin antibody (1:50) or (e) polyclonal anti-elastin antibody (1:100), or (f) both.

(g–i) The back skin of a 38-year-old patient with suspected photosensitivity was irradiated with UVA for 3 days at a total dose of 52.92 J/cm2. Skin samples

were taken by punch biopsy (g) before and (h) after irradiation, then processed for immunohistochemical study using anti-elafin antibody. (i) Double

immunofluorescence was performed on UVA-irradiated skin using anti-elafin and anti-elastin antibodies. (a–i) Bars¼ 100 and 50 mm.
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irradiation (Starcher and Conrad, 1995). Therefore, the
detection of elafin in the actinic elastosis of sun-damaged
skin suggests that elafin, a potent inhibitor of leukocyte
elastase, protects the elastic fibers from undesirable degrada-
tion by neutrophil elastase. An ex vivo experiment (single
exposure to UVA of resected normal skin) and an in vivo
experiment (repeated exposure to UVA of patient’s skin)
both induced expression of elafin, which readily binds to
elastic fibers. Binding of elafin to elastic fibers represents the
initial event of actinic elastosis. These immunohistochemical
findings imply that the accumulation of elastic fibers in
sun-damaged skin is caused by decreased degradation of
elastic fibers rather than overproduction of elastic fibers.

The N-terminal domain of elafin (cementoin) contains the
repeated consensus sequence unit GQDXVK, which is a good
substrate for transglutaminase without requiring secondary
or tertiary structures for recognition by transglutaminase.
In this report, we found that elafin readily binds to elastin
via transglutaminase-mediated crosslinking in vitro. It has
been shown that elafin is secreted into the extracellular
space and is associated with functionally essential proteins.
The transglutaminase substrate domain of elafin is now
known to bind to several extracellular matrix proteins such
as laminin, fibronectin, b-crystallin, and to a lesser extent,
collagen IV (Nara et al., 1994; Guyot et al., 2005). Elastic
fibers are essential for maintaining the elasticity of the skin
and consist of central amorphous material (elastin) and
surrounding microfibrils (fibrillins, microfibril-associated gly-
coproteins, and fibulins). Tissue TGase plays a critical role
in the organization and stabilization of elastic fibers by

mediating the crosslinks between elastin and fibrillin-1, and
elastin and microfibril-associated glycoproteins-1 (Brown-
Augsburger et al., 1994; Rock et al., 2004). Accelerated
degradation of elastic fibers by elastolytic enzymes causes the
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Figure 5. Detection of elafin polypeptide in cultured skin fibroblasts.

(a) Cultured fibroblasts were treated for 24 hours without (lane 2) or with

50 ng/ml IL-1b (lane 1) in serum-free DMEM. (b) Cultured fibroblasts were

irradiated with 0.5 J UVA (lane 3), 1 J UVA (lane 4), 50 mJ UVB (lane 5),

100 mJ UVB (lane 6), or none (lane 7). (c) Cultured keratinocytes were treated

with 50 ng/ml IL-1b for 24 hours in KGM (lane 8). Cultured media were

harvested and the proteins were precipitated with 10% trichloroacetic acid.

The pellets were subjected to SDS-PAGE followed by immunoblot assay

using polyclonal anti-elafin antibody.
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acquired type of cutis laxa, in which loss of elasticity and
multiple wrinkles are the major clinical signs (Fornieri et al.,
1994). In addition, we have also shown that elafin, which
covalently crosslinks to insoluble elastin, nevertheless in-
hibits the activity of neutrophil elastase. This indicates that
the transglutaminase substrate domain of elafin protects
elastin from degradation by anchoring the inhibitor domain
at its proper site of action. This kind of targeted immobiliza-
tion of elafin at the elastic fibers of actinic elastosis appears to
be very important for protecting against UV-induced aging
processes. Accumulation of elafin in the elastic fibers of
actinic elastosis may represent a protective response against
undesirable elastolytic degradation.

Secretory leukocyte protease inhibitor is a proteinase
inhibitor produced by epithelial cells (lungs, oral cavity,
epidermis, and testis) and some non-epithelial cells (macro-
phages) (de Water et al., 1986). This protein consists of a
tandemly repeated four disulfide core motif, the second
domain being structurally related to the C-terminal domain
of elafin. However, this elafin-related proteinase inhibitor is
only weakly expressed in the normal epidermis, but is
strongly expressed in the tape-stripping or psoriatic epi-
dermis. The dermal elastic fibers beneath the tape-stripping
epidermis were found to be immunoreactive with anti-
secretory leukocyte protease inhibitor antibody (Wingens
et al., 1998), indicating that secretory leukocyte protease
inhibitorI and elafin are readily associated with elastic fibers
in pathological conditions and prevent elastic fibers from
degradation by the same mechanism.

Studies on elafin have been focused on the epithelial or
epidermal cells but not on mesenchymal cells, because
previous Northern blot assays and immunohistochemistry
have shown that elafin is constitutively expressed in a
number of normal human epithelia and is always negative
in mesenchymal and neural tissues (Schalkwijk et al., 1999).

Restricted localization of elafin expression in epithelia
may be related to its defensive role against external agents,
including microorganisms (Pfundt et al., 1996). We found
in this report that skin fibroblasts are able to express elafin
in restricted conditions of UVA and IL-1b exposure. It has
been shown that UVB irradiation of normal human skin
increases elafin expression by epidermal cells with a rapid
induction of phosphorylation of c-jun and p38 mitogen-
activated protein kinase (Pfundt et al., 2001). The question
of whether the elafin detected in actinic elastosis is of
epidermal origin or dermal origin remains unanswered. It is
possible that keratinocyte-derived elafin induced by UV
irradiation is secreted from epidermal keratinocytes and
accumulates in the superficial dermis. However, the elafin of
the epidermis is known to crosslink to the major epidermal
proteins keratin 1 and loricrin, being incorporated into the
cornified cell envelope, and accounts for B6% of all proteins
in the cornified cell envelope (Steinert and Marekov, 1995;
Nakane et al., 2002). Further, UV-mediated induction of
elafin in dermal fibroblasts rather than epidermal keratino-
cytes is involved in the accumulation of elafin in sun-
damaged skin.

In this report, we demonstrated that IL-1b treatment and
UVA irradiation both upregulated elafin expression in
cultured fibroblasts. Upregulation of elafin expression by
IL-1b or UV irradiation has been previously reported in
the epidermis (Pfundt et al., 2001), cultured keratinocytes
(Tanaka et al., 2000), and lung alveolar cells (Sallenave et al.,
1994). Because UV exposure of the skin or cultured
keratinocytes or fibroblasts is known to upregulate various
cytokines, such as IL-1b, tumor necrosis factor-a, and IL-6, -7,
and -10 (Wlaschek et al., 1994; Kligman et al., 1999; Brink
et al., 2000), it is possible that UV-induced elafin upregula-
tion in cultured fibroblasts is mediated by UV-induced IL-1b
stimulation. Similar autocrine stimulation has been reported
in UVA-induced MMP-1 expression, in which the upregula-
tion of MMP-1 by UVA is mediated by UVA-induced IL-1 and
IL-6 (Wlaschek et al., 1994).

In conclusion, we present the possibility that the
accumulation of abnormal elastic fibers in the sun-damaged
skin is related to the decreased rate of elastin degradation.
UV-induced elafin may play a major role in the decreased
degradation of elastic fibers.

MATERIALS AND METHODS
Proteins and antibodies

Recombinant human elafin (amino-acid residues 1–117) containing

two domains was purchased from R&D Systems Inc. (Minneapolis,

MN). Synthetic human elafin peptide corresponding to the protease

inhibitor domain (amino-acid residues 61–117) was purchased from

HyCult Biotechnology BV (Uden, The Netherlands). mAb (clone No.

TRAB 20, which recognizes the GQDPVK epitope) was purchased

from HyCult Biotechnology BV. The N-terminal transglutaminase

crosslinking domain, cementoin, consisting of 34 amino acids

(amino acids 27–60, VPVKGQDTVKGRVPFNGQDPVKGQVSVKG

QDKVKY) was chemically synthesized. Polyclonal antibody for the

transglutaminase substrate domain (cementoin) was prepared as

follows. A peptide segment corresponding to the amino-acid
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Figure 6. Elafin-crosslinked insoluble elastin is less susceptible to neutrophil

elastase. [3H]-labeled insoluble elastin (100 mg) was incubated with elafin

(5 mg) in the presence or absence of tissue transglutaminase (20 mU) at 371C

for 1 hour, then digested with neutrophil elastase (5 mg) at 371C for 0–4 hours.

After centrifugation, the supernatant was counted. ’’; pretreated with elafin

and tissue TGase before elastase digestion, mm; pretreated with elafin alone

before elastase digestion, ~—~; without pretreatment before elastase

digestion, KK; without pretreatment and elastase digestion. Values are

mean7range obtained from two separate assays.
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sequence of cementoin was synthesized as a tetravalent multiple

antigenic peptide (MMP-(cementoin)4) and used for immunization of

rabbits, because 34 amino acids is not large enough to produce a

high titer antiserum (Nara et al., 1994). The recombinant human

tropoelastin used in this study was prepared and purified as

previously described (Wachi et al., 2004). Polyclonal antibody

against human tropoelastin was purchased from the Elastin Products

Company (Owensville, MI). Insoluble elastin extracted from bovine

neck ligamentum was from Sigma-Aldrich Co. (St Louis, MI). mAbs

against human TIMP-1 and -2 were purchased from Daiichi Fine

Chemical Co. (Toyama, Japan).

Skin specimens and UV irradiation

Thirty-two paraffin-embedded skin specimens were obtained from

sun-exposed and sun-protected areas in our department files

between 2001 and 2005, under prior informed consent (Table 1).

Normal-appearing perilesional areas of benign or premalignant

tumors such as nevus, seborrheic keratosis, and actinic keratosis

were subjected to immunohistochemical examination. The presence

of actinic elastosis was examined by hematoxylin-eosin, and Elastica

van Gieson stains. The degree of actinic elastosis was scored

according to Kligman (1969) as follows: G0, no change; G1,

increase in number without thickening; G2, greater hyperplasia

with thickening and curling; G3, marked hyperplasia with thicken-

ing and curling, and frequent branching; G4, complete replace-

ment of the dermis by a dense tangle of thickened, disorderly

fibers accompanied by disorganization into murky amorphous

masses.

Five normal skin samples were obtained from 8-, 18-, 21-, 23-,

and 24-year-old patients with an epidermal cyst or nevus on the

buttocks or back. Immediately after surgical resection of the tumors,

normal-appearing peripheral skin was irradiated with UVA or UVB

at a single dose of 10 or 0.5 J/cm2, respectively. The source of UV

irradiation was a Dermaray M-DMR-1 (Toshiba Medical Supply,

Tokyo, Japan) with lamps of FL20S � E30 (UVA) and FL20S �BLB/

DMR (UVB). After irradiation, the skin samples were incubated in a

humidified chamber for 18 hours at 371C, and then embedded in

optimum cutting temperature compound for immunohistochemical

studies.

For in vivo experiments, the back skin of a 38-year-old male

patient, who presented dermatitis on sun-exposed (face and arms)

areas, was used. To examine the presence of photosensitivity, the

back skin was irradiated with UVA for 3 days at a total dose of

52.92 J/cm2. After 24 hours, skin samples were collected by punch

biopsy before and after irradiation, embedded in paraffin, and then

subjected to immunohistochemical examination.

Immunohistochemistry

Specimens embedded in paraffin or optimum cutting temperature

were cut into 5 mm sections. The sections were washed with

phosphate-buffered saline and then stained with polyclonal anti-

elastin/monoclonal anti-elafin antibodies for 24 hours at 1:50

dilution with elafin antibody and at 1:100 dilution with elastin

antibody. Bound antibodies were visualized with rhodamine-

conjugated goat anti-rabbit IgG (1:20 dilution) (Dako, Glostrup,

Denmark) and fluorescein-conjugated goat anti-mouse IgG (1:10

dilution) (Dako). Fluorescence was evaluated with a confocal laser

scan microscope (LSM 410, Carl Zeiss, Jena, Germany).

Binding assay
For cross-binding experiments, 0.5 mg of synthesized human elafin

peptide corresponding to the transglutaminase substrate domain

(amino acids 27–60) (elafin a) or protease inhibitor domain (amino

acids 61–117) (elafin b), 0.1 mg tropoelastin, and 1 mU of guinea-

pig liver transglutaminase (Sigma-Aldrich Co., St Louis, MI) or

various combinations of the three components were mixed in

20 ml of 50 mM Tris-HCl, pH 7.5. The reaction was initiated by the

addition of 1 mM CaCl2. After incubation for 1 hour at 371C, the

reaction mixtures were diluted with SDS-sample buffer contain-

ing 1 mM dithiothreitol, and then boiled for 2 minutes. Samples

were subjected to SDS-PAGE and transferred to membranes. The

blots were incubated with polyclonal anti-elafin or anti-elastin

antibody.

Treatment of cultured skin fibroblasts

A fibroblast cell line established from a 4-year-old normal healthy

child was cultured in DMEM supplemented with 10% calf serum.

Cells grown at a confluent density were washed twice with

phosphate-buffered saline and covered for 24 hours with fresh,

serum-free DMEM containing IL-1b (10 or 100 ng/ml), tumor

necrosis factor-a (100 ng/ml), transforming growth factor-b1

(100 ng/ml), or IFN-g (100 U/ml). In some experiments, cells were

irradiated with UVA at a total dose of 500 or 1,000 mJ/cm2, or UVB

at a total dose of 50 or 100 mJ/cm2. During irradiation, cells were

incubated in phosphate-buffered saline and maintained at 35–371C

in a thermostatic chamber. Following irradiation, phosphate-

buffered saline was replaced with fresh 10% calf serum DMEM or

serum-free DMEM, then the cells were further incubated for the

last 24 hours.

For a positive control experiment, normal human keratinocytes

purchased from Sanko Junyaku (Tokyo, Japan) were cultured in

serum-free, low-calcium (0.1 mM) modified MCDB-153 medium

supplemented with growth factors including epidermal growth

factor, insulin, and bovine pituitary extract (designated as KGM).

Conventional RT-PCR and real-time RT-PCR

RNA was isolated from the cultured fibroblasts or keratinocytes with

guanidine thiocyanate (Chomczynski and Sacchi, 1987), then

adjusted to a concentration of 1mg/ml. Exon-specific primer pairs

were synthesized: 50-GTTCCTGTTAAAGGTCA-30 for the upstream

primer and 50-TCACTGGGGAACGAAAC-30 for the downstream

primer of human elafin (Saheki et al., 1992), and 50-CCAGCC

GAGCCACATCGCTC-30 for the upstream primer and 50-ATGAG

CCCCAGCCTTCTCCAT-30 for the downstream primer of glycer-

aldehyde-3-phosphate dehydrogenase (Tso et al., 1985) as an internal

standard. Total RNA (5 ng) was used for the first-strand complemen-

tary DNA synthesis. RT-PCR was performed in the presence of

3 pmol of a 30-oligonucleotide and 35 U of reverse transcriptase from

avian myoblastosis virus (Takara Shuzo Co., Otsu, Shiga, Japan) in a

total reaction volume of 20ml (Kawasaki, 1990). The resulting

complementary DNA was then subjected to the first PCR using

25 pmol 50-oligonucleotide and additional 30-oligonucleotide in a

total volume of 100ml. The complementary DNA was amplified for

35 cycles at 941C for 1 minute, 581C for 1 minute, and 721C

for 2 minutes. Analysis of all of the PCR products was performed

by agarose (1.5%) gel electrophoresis followed by ethidium

bromide staining.
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Taq Mans Gene Expression Assays were purchased from Applied

Biosystems (Foster City, CA). The primers and probes of the elafin

gene are as follows: forward primers, 50-GACTGCCCAGGAATCAA

GAAGT-30; reverse primers, 50-CTGTGAAGGCTCTTGC-30; and

FAM probe, 50-CTGTGAAGGCTCTTGC-30. The glyceraldehyde-3-

phosphate dehydrogenase primer/probe set was also purchased

from Applied Biosystems. Elafin and glyceraldehyde-3-phosphate

dehydrogenase mRNA levels were quantified in triplicate using

Applied Biosystems 7900 HT Real-Time PCR system according to the

supplier’s recommendations. Because elafin mRNA levels in the

untreated control cells were found to be undetectable, relative

values for IL-1b-treated (10 ng/ml) cells were presented.

Western blot

A medium of cultured fibroblasts grown in two 10 cm diameter

dishes was pooled and mixed with a protease inhibitor cocktail

(1 mM EDTA, N-ethylmaleimide, and phenylmethylsulfonyl fluor-

ide). The proteins were precipitated with 10% trichloroacetic acid,

resolved on a 4–20% or 10–20% gradient SDS-PAGE gel under

reducing conditions, and transferred to nitrocellulose membranes

(Millipore Co., Bedford, MA) in a tank blotter in 25 mM Tris/

0.192 M glycine, pH 8.3/20% methanol at 30 V overnight. The

filters were blocked with 5% BSA in 10 mM Tris-HCl, pH 8.0/

150 mM NaCl/0.05% Tween (TBST) for 2 hours and incubated

with anti-human elafin polyclonal antibody against the N-terminal

transglutaminase substrate domain or anti-human elastin polyclo-

nal antibody at 1:10,000 dilutions for 24 hours. The blots were

then washed with TBST for 30 minutes and incubated with a

second antibody (anti-rabbit Igs) (Dako) at 1:5,000 dilution for

1 hour. Antigens were visualized using chemiluminescence (ECL,

Amersham).

Elastase digestion assay

Radiolabeling of bovine insoluble elastin was performed by

reductive alkylation using [3H]-sodium borohydride as described

previously (Banda et al., 1987; Park et al., 1996). The specific

activity of tritiated elastin was 5.3� 105 c.p.m./mg. One hundred

micrograms of radiolabeled insoluble elastin was incubated with

elafin (10 mg) and tissue TGase (20 mU) at 371C for 1 hour, then

exhaustively washed with phosphate-buffered saline by centrifuga-

tion at 10,000 g for 10 minutes at 41C, to remove unbound elafin.

The precipitated elastin was suspended in 100 ml buffer (50 mM Tris-

HCl, pH 8.0, containing 10 mM CaCl2), then incubated with human

leukocyte elastase (5 mg) (Sigma-Aldrich Co.) at 371C for 0–4 hours.

The reaction was terminated by centrifugation to remove any

remaining insoluble elastin. The radioactivity in the supernatant

was determined by scintillation counting (LSC-5100, Aloka,

Tokyo, Japan).

Patients and samples
The patients, parents, and normal control individuals participated

in this study following informed consent. They gave their written

informed consent. This study was conducted according to the

Declaration of Helsinki Principles and has been approved by the

Medical Ethical Committee of National Defense Medical College.

CONFLICT OF INTEREST
The authors state no conflict of interest.

REFERENCES

Alkemade JAC, Molhuizen HOF, Ponec M, Kempenaar JA, Zeeuwen PLJM, de
Jongh GJ et al. (1994) SKALP/elafin is an inducible proteinase inhibitor in
human epidermal keratinocytes. J Cell Sci 107:2335–42

Banda MJ, Werb Z, Mckerrow JH (1987) Elastin degradation. Methods
Enzymol 144:288–305

Bernstein EF, Chen YQ, Tamai K, Shepley KJ, Resnik KS, Zhang H et al. (1994)
Enhanced elastin and fibrillin gene expression in chronically photo-
damaged skin. J Invest Dermatol 103:182–6

Brenneisen P, Oh JH, Wlaschek M, Wen KJ, Briviba K, Hommel C et al.
(1996) Ultraviolet B wavelength dependence for the regulation of two
major matrix metalloproteinases and their inhibitor TIMP-1 in human
dermal fibroblasts. Photochem Photobiol 64:649–57

Brink N, Szamel M, Young AR, Wittern KP, Bergmann J (2000) Comparative
quantification of IL-1 beta, IL-10, IL-10r, TNF alpha and IL-7 mRNA
levels in UV-irradiated skin in vivo. Inflamm Res 49:290–6

Brown-Augsburger P, Broekelmann T, Mecham L, Mercer R, Gibson MA,
Cleary EG et al. (1994) Microfibril-associated glycoprotein binds to the
carboxyl-terminal domain of tropoelastin and is a substrate for
transglutaminase. J Biol Chem 269:28443–9

Cavarra E, Fimiani M, Lungarella G, Andreassi L, de Santi M, Mazzatenta C
et al. (2002) UVA light stimulates the production of cathepsin G and
elastase-like enzymes by dermal fibroblasts: a possible contribution to
the remodeling of elastotic areas in sun-damaged skin. Biol Chem
383:199–206

Chomczynski P, Sacchi S (1987) Single step method of RNA isolation by acid
guanidinium thiocyanate-phenol-chloroform extraction. Anal Biochem
162:156–9

De Water R, Willems LN, Van Muijen GN, Franken C, Fransen JA,
Dijkman JH et al. (1986) Ultrastructural localization of bronchial
antileukoprotease in central and peripheral human airway by a gold-
labeling technique using monoclonal antibodies. Am Rev Respir Dis
133:882–90

Fisher GJ, Kang S, Varani J, Bata-Csorgo Z, Wan Y, Datta S et al. (2002)
Mechanisms of photoaging and chronological skin aging. Arch Dermatol
138:1462–70

Fisher GJ, Wang ZO, Datta SC, Varani J, Kang S, Voorhees JJ (1997)
Pathophysiology of premature skin aging induced by ultraviolet light.
N Eng J Med 337:1419–28

Fornieri C, Quaglino D, Lungarella G, Cavarra E, Tiozzo R, Giro MG et al.
(1994) Elastin production and degradation in cutis laxa acquisita. J Invest
Dermatol 103:583–8

Guyot N, Zani M-L, Maurel M-C, Dallet-Choisy S, Moreau T (2005) Elafin and
its precursor trappin-2 still inhibit neutrophil serine proteases when they
are covalently bound to extracellular matrix proteins by tissue
transglutaminase. Biochemistry 44:15610–8

Kawaguchi Y, Tanaka H, Okada T, Konishi H, Takahashi M, Ito M et al.
(1996) The effects of ultraviolet A and reactive oxygen species
on the mRNA expression of 72-kDa type IV collagenase and its tissue
inhibitor in cultured human dermal fibroblasts. Arch Dermatol Res
288:39–44

Kawasaki ES (1990) Amplification of RNA. In: PCR protocols: a guide to
method and applications. (Innis MA, Gelfand DH, Sninsky JJ, White TJ,
eds), New York: Academic Press, 21–7

Kligman AM (1969) Early destructive effect of sunlight on human skin. JAMA
210:2377–80

Kligman LH, Yang S, Schwartz E (1999) Steady-state mRNA levels of
interleukin-1, integrins, c Jun, and c Fos in hairless mouse skin during
short-term chronic UV exposure and the effect of topical tretinoin.
Photodermatol Photoimmunol Photomed 15:198–204

Mera SL, Lovell CR, Jones RR, Davies JD (1987) Elastic fibers in normal and
sun-damaged skin: an immunohistochemical study. Br J Dermatol
117:21–7

Nakane H, Ishida-Yamamoto A, Takahashi H, Hirose S (2002) Elafin,
a secretory protein, is cross-linked into the cornified cell envelopes
from the inside of psoriatic keratinocytes. J Invest Dermatol 119:
50–5

www.jidonline.org 1365

J Muto et al.
Accumulation of Elafin in Actinic Elastosis



Nara K, Ito S, Ito T, Suzuki Y, Ghoneim MA, Tachibana S et al. (1994) Elastase
inhibitor elafin is a new type of proteinase inhibitor which has a
transglutaminase-mediated anchoring sequence termed ‘‘cementoin’’.
J Biochem 115:441–8

Nonomura K, Yamanishi K, Yasuno H, Nara K, Hirose S (1994) Up-regulation
of Elafin/SKALP gene expression in psoriatic epidermis. J Invest Dermatol
103:88–91

Oh JH, Chung AS, Steinbrenner H, Sies H, Brenneisen P (2004) Thioredoxin
secreted upon ultraviolet A irradiation modulates activities of matrix
metalloproteinase-2 and tissue inhibitor of metalloproteinase-2 in
human dermal fibroblasts. Arch Biochem Biophys 423:218–26

Ohnishi Y, Tajima S, Akiyama M, Ishibashi A, Kobayashi R, Horii I (2000)
Expression of elastin-related proteins and matrix metalloproteinases in
actinic elastosis of sun-damaged skin. Arch Dermatol Res 292:27–31

Park PW, Biedermann K, Mecham L, Bissett DL, Mecham RP (1996)
Lysozyme binds to elastin and protects elastin from elastase-mediated
degradation. J Invest Dermatol 106:1075–80

Pfundt R, van Ruissen F, van Vlijmen-Willems IMJJ, Alkemade HAC,
Zeeuwen PLJM, Jap PH et al. (1996) Constitutive and inducible
expression of SKALP/ elafin provides anti-elastase defense in human
epithelia. J Clin Invest 98:1389–99

Pfundt R, Vlijmen-Willems I, Bergers M, Wingens M, Cloin W, Schalkwijk J
(2001) In situ demonstration of phosphorylated c-jun and p38 MAP
kinase in epidermal keratinocytes following ultraviolet B irradiation of
human skin. J Pathol 193:248–55

Rock MJ, Cain SA, Freeman LJ, Morgan A, Mellody K, Marson A et al. (2004)
Molecular basis of elastic fiber formation. Critical interactions and a
tropoelastin-fibrillin-1 cross-link. J Biol Chem 279:23748–58

Saarialho-Kere U, Kerkela E, Jeskanen L, Hasan T, Pierce R, Strarcher B et al.
(1999) Accumulation of matrilysin (MMP-7) and macrophage metallo-
elastase (MMP-12) in actinic damage. J Invest Dermatol 113:664–72

Saheki T, Ito F, Hagiwara H, Sato Y, Kuroki J, Tachibana S et al. (1992)
Primary structure of human elafin precursor proelafin deduced from
the nucleotide sequences of its gene and the presence of unique
repetitive sequences in the prosegment. Biochem Biophys Res Commun
185:240–5

Sallenave J-M, Shulmann J, Crossley J, Jordana M, Gauldie J (1994) Regulation
of secretory leukocyte proteinase inhibitor (SLPI) and elastase-specific
inhibitor (ESI/Elafin) in human airway epithelial cells by cytokines and
neutrophilic enzymes. Am J Respir Cell Mol Biol 11:733–41

Schalkwijk J, de Roo C, de Jongh GJ (1991) Skin-derived antileukoproteinase
(SKALP), an elastase inhibitor from human keratinocytes Purification and
biological properties. Biochim Biophys Acta 1096:148–54

Schalkwijk J, van Vlijmen IMJJ, Alkemade JAC, de Jongh GJ (1993)
Immunohistochemical localization of SKALP/Elafin in psoriatic epider-
mis. J Invest Dermatol 100:390–3

Schalkwijk J, Wiedow O, Hirose S (1999) The trappin gene family: proteins
defined by an N-terminal transglutaminase substrate domain and a
C-terminal four-disulphide core. Biochem J 340:569–77

Sellheyer K (2003) Pathogenesis of solar elastosis: synthesis or degradation?
J Cutan Pathol 30:123–7

Starcher B, Conrad M (1995) A role for neutrophil elastase in the progression
of solar elastosis. Connect Tissue Res 31:133–40

Steinert PM, Marekov LN (1995) The proteins elafin, filaggrin, keratin
intermediate filaments, loricrin, and small proline-rich proteins 1 and 2
are isopeptide cross-linked components of the human epidermal
cornified cell envelope. J Biol Chem 270:17702–11

Tanaka N, Fujioka A, Tajima S, Ishibashi A, Hirose S (2000) Elafin is induced
in epidermis in skin disorders with dermal neutrophilic infiltration:
interleukin-1 beta and tumor necrosis factor alpha stimulate its secretion
in vitro. Br J Dermatol 143:728–32

Teunissen MB, Piskin G, di Nuzzo S, Sylva-Steenland RM, de Rie MA, Bos JD
(2002) Ultraviolet B radiation induces a transient appearance of IL-4+

neutrophils, which support the development of Th2 responses.
J Immunol 168:3732–9

Tso JY, Sun X-H, Kao T-h, Reece KS, Wu R (1985) Isolation and
characterization of rat and human glyceraldehyde-3-phosphate dehy-
drogenase cDNAs: genomic complexity and molecular evolution of the
gene. Nucleic Acid Res 13:2485–502

Tsukahara K, Takema Y, Moriwaki S, Tsuji N, Suzuki Y, Fujimura T et al.
(2001) Selective inhibition of skin fibroblast elastase elicits a concentra-
tion-dependent prevention of ultraviolet B-induced wrinkle formation.
J Invest Dermatol 117:671–7

Wachi H, Sugitani H, Murata H, Nakazawa J, Mecham RP, Seyama Y (2004)
Tropoelastin inhibits vascular calcification via 67 kDa elastin binding
protein in cultured bovine aortic smooth muscle cells. J Atheroscler
Thromb 11:159–66

Wiedow O, Ludemann J, Utechit B (1991) Elafin is a potent inhibitor of
proteinase 3. Biochem Biophys Res Commun 174:6–10

Wingens M, van Bergen BH, Hiemstra PS, Meis JFGM, van Vlijmen-Willems
IMJJ, Zeeuwen PLJM et al. (1998) Induction of SLPI (ALP/HUSI-I) in
epidermal keratinocytes. J Invest Dermatol 111:996–1002

Wlaschek M, Heinen G, Poswig A, Schwarz A, Krieg T, Scharffetter-Kochanek
K (1994) UVA-induced autocrine stimulation of fibroblast-derived
collagenase/MMP-1 by interrelated loops of interleukin-1 and inter-
leukin-6. Photochem Photobiol 59:550–6

Woodbury RA, Kligman LH, Woodbury MJ, Kligman AM (1994) Rapid assay
of the anti-inflammatory activity of topical corticosteroids by inhibition
of a UVA-induced neutrophil infiltration in hairless mouse skin. I. The
assay and its sensitivity. Acta Derm Venereol 74:15–7

Ying QL, Kemme M, Simon SR (1994) Functions of the N-terminal domain of
secretory leukoprotease inhibitor. Biochemistry 33:5445–50

1366 Journal of Investigative Dermatology (2007), Volume 127

J Muto et al.
Accumulation of Elafin in Actinic Elastosis




