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mRNA expression of human and mouse
keratinocyte differentiation-associated
protein (Kdap). mRNA isolated from pri-
mary-cultured cells and various human (4)
and mouse (B) tissues was examined by
northern blotting for mANA expression of .
Kdap or p-actin. Expression was also B Mouse Tissues C
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Protein expression of human keratinocyte differentiation-associated protein (Kdap). Human Kdap protein was characterized by westem
blotting of culture supernatant and protein extracts prepared from Kdap gene-transfected cslis, primary-cultured keratinocytes, psoriatic or normal
‘scales. (A) COS-1 cells were transfected with an empty vector (Vector) or an expression vector {(pKdap-Fc) enceding for a fusion protein of the entire
sequence of human Kdap {including a signal sequence) and Fc portion of immunoglobulin, At 2 d post-transfection, the culture supernatant (Sup)
was harvested and whole-cell exiracts (Cell) were prepared. Aliquots {10% each fraction) were subjected to SDS-PAGE analysis followsd by westemn
blotting, using anti-human igG Ab. (B) COS-1 cells (left panel) or keratinocytes {right panel) were infected with recombinant Adv encoding Kdap (Adv-
Kdap) or LacZ gene {(Adv-LacZ). Likewise, the small aliquots (5% and 10% for COS-1 cells and keratinocytes, respectively) were examined for
expression of Kdap protein. {C) Whole-cell extracts were prepared from primary-cultured keratinocytes and the supematant was harvested and
congcentrated 10-20-fold. Smalt aliquots (10% each) were applied for SDS-PAGE. (D} Crude extracts (75 ng) prepared from scales psoriatic or
normal scales were assayed by western blotting, using anti-human Kdap Ab or control rabbit IgG.
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kDa in the extracellular fraction and two bands (13.5 and
11.5 kDa) in the intracellular fraction (no bands were
detected with control Ab). The latter bands most likely
correspond to a precursor containing SS and the mature
form, respectively. Ab specificity was confirmed by the
absence of detectable bands in the two fractions of COS-1
cells infected with Adv-LacZ (expression vector for
B-galactosidase gene). We noted the extracellular mature
form (12.5 kDa) to be slightly larger than the intracellular
mature form (11.5 kDa); both mature forms were markedly
larger than the size predicted from the primary amino acid
sequence (8.7 kDa). Similar differences in molecular weights
were also detected using Adv-infected keratinocytes (Fig
3B8). Kdap protein was found mostly in the intracellular
fractian, although lower levels were detected in the super-
natant, indicating that secretion was blocked partially in
these infected keratinocytes. This low secretion may be due
to lack of mature lameilar granules {secretory vesicles) in
in vitro cultured keratinocytes (undifferentiated phenotype).
In primary-cultured keratinocytes in which Kdap is synthe-
sized from the endogenous gene {rather than from the
transgene), only small amounts of protein were detected in
both extracellular and intracellular {fractions when more
proteins and longer exposure 1o an X-ray film were invoived
(Fig 3C). Nonetheless, secretion of Kdap was proved by
cleavage of N-terminal sequence and detection of Kdap
protein in culture supernatants of transfected (transgene
expression) and non-transfected keratinocytes (endogen-
ous gene expression).

We also examined protein expression of Kdap in crude
extracts prepared from scales of psoriatic or normal skin
(not cultured cells) (Fig 3D). Western blotting using the same
Ab detected two bands in the extracts of psoriatic scates: a
thicker band (21 kDa) and a thinner band (31 kDa). These
molecular weights were about two to three times larger than
the 11.5 kDa detected in the cell extracts of non-transfected
and transfected keratinocytes {Fig 38). In normal scales,
both bands were also detected, but expression levels were
much lower than in psoriatic scales, suggesting upregulated
expression of Kdap in situ in psoriatic skin. Moreover, the
ratio of the two bands’ intensities was converse to that
found in psoriatic scales. Variations in the molecular weight
of the secreted {matured) Kdap protein were not detected.

Normal Skin

Psoriatic Skin
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By contrast, intracellular Kdap appears to vary, most likely
due to post-transtational modification.

In situ expression in human skin Using the previous Ab,
we examined Kdap expression in normal human skin.
Indirect immunofluorescence highlighted the upper spinous
and granular layers on control cryostat sections of the
human epidermis (see arrows in Fig 4A). Staining was
predominantly observed in an alternate wave-like pattern,
with the strongest staining at the apical edges of the
granular cells (inset in Fig 4A). There was little or no staining
of the cornified layer and very weak staining was occa-
sionally seen in the mid-epidermal layers. By contrast, in
lesional skin of psoriatic patients, Kdap was expressed
more widely and at high levels throughout suprabasal
keratinocytes (Fig 4B). This expression pattern in psoriasis
is similar to that reported for SKALP/elafin (Pfundt ef al,
1998) and for cystatin M/E (Zesuwen st al, 2001), both of
which are fow-malecular-weight and secreted proteins with
anti-proteinase activity. It should be noted that this more
widespread Kdap expression in psoriasis was not seen in
other cornification disorders, such as the bullous and non-
bullous types of congenital ichthyosiform erythroderma,
lamellar ichthyosis with or without TGM1 mutation, and
palmoplantar keratoderma.

We next examined Kdap mRNA expression in normal
skin using in situ hybridization (Fig 4C). Unlike its protein
expression, Kdap mRNA was detected more widely
throughout suprabasal keratinocytes. This difference be-
tween protein and mRNA expression is reminiscent of
involucrin, an established marker of keratinocyte differen-
tiation (de Viragh et al, 1994). Consistent with the protein
expression, Kdap was not expressed by basal keratino-
cytes, strongly suggesting that Kdap is also a marker of
keratinocyte differentiation.

Kdap is secreted into the extracellular space via lamellar
granules To determine the ultrastructural localization of
Kdap in granular keratinocytes, we conducted immuno-
electron microscopic analysis of normal human epidermis
stained with anti-Kdap Ab and gold particle-conjugated
anti-rabbit 1gG (Fig 5). Kdap staining localized to areas
immediately beneath the apical side of the keratinocyte

Normal Skin

Immuno-fluorescent staining
Figure 4

in sine hybridization

Keratinocyte differentiation-assoclated protein (Kdap} expression in normal and psoriatic skin, Frozen skin sections prepared from normal
healthy adults {A, C} and psoriatic patients (B) were immunofluorescently stained with anti-Kdap Ab and flucrescein isothiocyanate-conjugated anti-
rabbit Ab (A, B} or hybridized in situ with anti-sense RMA probe for the Kdap gene {C). A higher magnification is provided in inset (4). The granular
layer and stratum corneum are indicated by arrows and arrowheads, respectively (scale bar: 50 mm). No staining was observed with contre! rabbit
IgG or sense RNA probe. Data shown are representative of staining of skin biopsies from three individuals with psoriasis.
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Figure5

Keratinocyte differentiation-associated protein (Kdap) protein is
localized to lamellar granules of keratinocytes. After staining normal
skin with anti-Kdap Ab and secondary Ab conjugated with gold
particles, localization of Kdap protein ultrastructually was examined in
the granular keratinocytes. (A) Low magnification; immuno-gold label
(representing Kdap) was found in small vesicles under the apical
plasma membrane of granular keratinocytes (arrows), a localization
similar to that of lamellar granules. Some labeled granules were also
seen fusing with or in close association to the plasma membrane. (B)
Kdap was also present in the intercellular space. (C) Higher magnifica-
tion: although membrane-bound vesicles failed to show the classic
lamellar characteristics of membrane coating granules seen in routine
transmission EM sections, the size and frame structure were identical
to those of lamellar granules (inset). Multiple clusters of lameltar
granule-like vesicles were localized within elongated, electron-lucent
areas of the cytoplasm just under the plasma membrane (arrows). (D)
Kdap was observed close to or on the cell membrane (arrowheads) of
granular keratinocytes (scale bars: 2a 50 nm, 2b, ¢ and d 100 nm).

plasma membrane in the upper suprabasal and granular
layers (Fig 5). These areas were rich in apparently
membrane bound vesicles containing both variably electron
dense material that was consistent with them being
membrane-coating granules (lamellar granules). These
granules could sometimes be seen closely arranged
together in a distinctive pattern beneath the plasma
membrane. By contrast, there were very few Kdap-labeled
vesicles in the region directly above the plasma membrane
(Fig 5A). The position of the labeling was over both the
vasicle plasma membrane and the center of the vesicle
{Fig 5A-C). The morphology of the cryofixed and substi-
tuted control skin often, but not always, failed to reveal the
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Expression of keratinocyte differentiation-associated protein
{Kdap) mRNA is markedly induced during /n vitro keratinocyte
differentiation. At indicated time points after inducing differentiation
with high-dose Ca®™*, total RNA was isolated from treated cells and
examined by northern blotting for Kdap and involucrin mRNA
expression. Amounts of ribosomal RNA (rRNA) detected by ethidium
bromide staining were similar in all four ANA samples,

fine detail of the membrane coating (lamellar) granules as
seen by conventional EM (Fig 5C). Both the size of the
vesicles stained by anti-Kdap Ab and their distribution
pattern within granular keratinocytes strongly suggests that
Kdap is in the lamellar granules or their contents. The Kdap-
containing granules were seen close to the plasma
membrane, and Kdap staining was also observed in the
intercellular space (Fig 58 and D). Morphometric analysis of
Kdap labeling (>750C gold particles) at the outer surface of
the plasma membrane in the upper granular keratinocyte
layers showed a significant proporticn {40%) of labeling on
or between the external surfaces of the plasma membrane
or between granular cells in the intercellular spaces (the
majority of the remaining 60% of plasma membrane
labeling was restricted to the lamellar granules subjacent
to the apical plasma membrane (Fig 58 and D). These
results indicate that Kdap is secreted by differentiated
keratinocytes and may be incorporated into the lipid layer
and the external surface of the GCE.

Kdap mRNA expression is upregulated markedly during

keratinocyte differentiation in vitro To examine the effect

of keratinocyte differentiation on Kdap mRNA expression,

we cultured keratinocytes in low-Ca®* media to maintain

these cells in a basal state, and then induced differentiation.
by shifting to high-Ca®* media containing 10% FCS. Time-
dependent changes in mRNA expression were assessed by
northern blotting, and keratinocyte differentiation was
monitored in parallel by involucrin mRNA expression. In
low-Ca®* media, both Kdap and involucrin were expressed
at background levels (Fig 6). After shifting to high-Ca?*

media, involucrin mRNA was increased markedly after 24 h
and this high level was maintained for 4 d. Kdap mRNA was
also upregulated at 24 h (80-fold higher than in untreated

keratinocytes), but unlike involucrin, Kdap's upregulated
expression lasted for only 2 d. These results indicate that
Kdap (like involucrin) is a marker of keratinocyte differentia-
tion; however, Kdap and invlucrin differ in the kinetics of
mBNA expression during differentiation in vitro.
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Human p transcript is generated by altemative splicing mechan-
isms. {A) The organization of human keratinocyte diffarentiation-
associated protein (Kdap) gene on chromosome 19q13.1 to 13.2 is
represented schematically. The nuclectide sequence of « transcript (a
full-length form} segmented into six exons, and aligned to that of
transcript with deletion of exon 3. (8) Total RNA was isolated from
keratinccytes that were freshly isolated from neonatal foreskin tissue,
primary cultured, or treated with high Ca®* medium {day 4). RNA was
examined for mRNA exprassion of « and B transcripts by RT-PCR using
a primer set (Materials and Methods). Full-length Kdap cDNA was also
PCR amplified as control. PCR products were then size-fractionated
through 8% native PAGE and stained with ethidium bromide,

A spliced variant is produced by alternative splicing
mechanisms In isolating a full-length cDNA clone for Kdap
(¢ transcript), we identified an additional cDNA clone
containing a shorter insert (termed B transcript) (Fig 7A).
Nucleotide sequence analysis showed that the coding
sequence of the B transcript is identical to an alternatively
spliced form (GenBank accession number AA58342) that
was reported by Oomizu et al. Note, however, that the two
transcripts differ in their 3'-untransiated region. Amino acid
sequence deduced from the DNA sequences revealed a
deletion of amino acid 43-56. We also examined expression
levels of B transcript relative to a transcript in keratinocytes
by RT-PCR using a primer set designed to amplify a 267 bp
fragment for a transcript and a 235 bp for B transcript (Fig
78}. In addition to a 267 bp fragment, a band corresponding
to a 235 bp was noted. This band was very faint in PCR
products of RNA from keratinocytes freshly isolated from
skin, and was unchanged in primary-cultured keratinocytes
induced to differentiate after treatment with high-Ca®*
media. These results show that the spliced variant of Kdap
mRNA is not the major transcript in keratinocytes.

To determine whether this spliced variant was generated
by alternative splicing mechanisms, we searched for the
Kdap gene in the human genome database {provided by
NCBI). An entire sequence of Kdap cDNA segmented into
six exons was found in the locus between 13.1 and 13.2 on
chromosome 19 {Fig 7A): exon 1 encoded for the 88 and a
part of N-terminal mature Kdap; and other five exons
encoded for the rest of the amino acid residues. The §'- and
3'-flanking sequences of each exon contained conserved
splice acceptor/donor sequences. A nucleotide sequence
missing from the B transcript was identical to exon 3,
indicating that the B transcript was generated by alternative
splicing (exon skipping).

Discussion

Kdap was first identified by Oomizu ef al (2000} by
suppression subtractive ¢cDNA cloning of skin from rats at
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different embryonal stages of hair differentiation (prehair-
germ vs hair-germ stages). They also identified mouse and
human homologs and their spliced variants. Expression
studies in rat showed that: (1) Kdap mRNA was induced
after the hair-germ stage {(quantitative RT-PCR); (2) its
expression was restricted to epithelial tissues in rat embryo
tissues (RT-PCRY}); and (3) skin expression was confined
to the suprabasal layers of embryonal epidermis {in situ
hybridization).

At the time we initiated our studies, Kdap was not
registered in the GenBank database nor were QOomizu’s
results published. Employing a different strategy, we coupled
an S8 trap with differential colony hybridization and isclated
the same gene from a ¢DNA library constructed with mRNA
from primary-cultured human keratinocytes. Using a wide
spectrum of human and mouse tissues and northern
blotting, we affirmed the epithelium-specific expression of
Kdap and its suprabasal layer-specific expression within
the epidermis. We did note the new finding of low-level

. expression by human thymus (Figs 2 and 4C).

Expanding on the findings of Oomizu et al we found that:
{1) human Kdap is secreted by keratinocytes (N-termina!
amino acid sequence functioned as an SS; Kdap protein
was detected in the extracellular fraction of transfected and
non-transfected keratinocytes (Fig 3); and it resided in
famellar granules of granular keratinocytes and the inter-
cellular space of the stratum corneum (Fig 5); (2) Kdap
protein is confined to the granular layer of normal epidermis
{which is not identical to its mRNA expression pattern);
(3) expression in psoriatic skin Is more diffuse, involving
suprabasal layers; (4) mRNA expression is regulated by
keratinocyte differentiation; and (5) spliced variant is
produced by alternative splicing mechanisms and ex-
pressed in keratinocytes only at very low levels (in contrast
to the full-length form).

We observed variation in the molecular weight of Kdap
protein. The molecular weight of Kdap produced by trans-
fected cells was larger than that predicted from the primary
amino acid sequencs (Fig 38). This is due most likely to post-
translational modification in which fatty acids, glycosylphos-
phatidylinositol {GPI) (Chatterjee and Mayor, 2001}, or other
small sized molecules are incorporated. Glycosylation may
not take place because Kdap contains neither possible
N-glycosylation sites nor putative O-glycosylation sites {e.g.,
proling-, serine-, threonine-tich regions) (Wilson et al, 1991).
We also observed another type of modification. The
molecular weight of Kdap in crude extracts from psoriatic
and normal skin was two to three times larger than that
detected in transfected and non-transfected keratinocytes
{Fig 3C). This finding suggests that Kdap is polymerized or
cross-iinked to polymerized proteins in the skin. Because
polymerization was not found in the extracellular Kdap
proteins, we speculate that Kdap is anchored to structural
proteins by TGase inside keratinocytes, as has been shown
for elafin and cystatins (Zeeuwen et af, 2001; Nakane et a/,
2002). But we could not document TGase-dependent cross-
linking of Kdap (data not shown), which may mean that Kdap
polymerization is achieved by other mechanisms.

Since highly polymerized Kdap cannot be solubilized
using our buffer containing Triton X-100 detergent, we may
have lost the majority of Kdap protein during protein
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extraction. This possibility may thus account for poor
expression of Kdap (in western blotting) in intracellular
fractions of non-transfected primary-cultured keratinocytes
{Fig 3C) and also explain the poor efficiency of secretion by
keratinocytes.

Recent molecular studies on CCE components have
documented the presence of low-molecular-weight
sacreted proteins in the protein envelope consisting of an
insoluble complex of proteins, which include SKALP/elafin
(Schalkwijk ef af, 1990; Wiedow et al, 1990), secretory
leukocyte proteinase inhibitor (SLPI) (Jin ef al, 1997),
lympho-epithelial Kazal-type-related inhibitor (LEKTI) (Ma-
gert et al, 2001) cystatin A and M/E (Takahashi et al, 1992;
Sotiropoulou et af, 1997a,b; Zeeuwen et al, 2001),
plasminogen activator inhibitor-type 2 (PAI-2) (Lavker ef ai,
1998), and bikunin {Cui ef al, 1999). All these proteins
possess activity to inhibit either serine or cysteine protei-
nases, some of which are further characterized by restricted
expression to keratinocytes. These inhibitors have been
proposed to play a pivotal role in regulating renewal of
the epidermis and protecting the epidermis from tissue
damages by suppressing activities of endogenous and
exogenous proteinases.

Kdap shares some attributes with these epidermal
proteinase inhibitors, including being a low-molecular-
weight secreted protein and showing a restricted expres-
sion to granular keratinocytes (or CCE). By contrast, Kdap
appears unique with respect to its localization within
lamellar granules and the existence of naturally occurring
spliced variants producing truncated isoforms. In addition,
Kdap might be efficiently secreted by granular keratino-
cytes (Fig 5), suggesting that it may function as a soluble
regulator in the extracellular space.

Because of the similarities to epidermal proteinase
inhibitors, we hypothesized that Kdap possesses activity to
inhibif proteinase and/or growth of microbes. Purified His-
Kdap and His-DHFR were used to determine whether Kdap
could inhibit the activity of cysteine proteinases (papain, ficin,
and cathepsin B} and sering proteinases (chymotrypsin and
trypsin). His-Kdap (10 pM) inhibited the proteinase activity of
papain (100 nM} almost completely, whereas His-DHFR at
the same concentration failed to do so (data not shown).
Although we found anti-proteinase activity of Kdap, the
activity appears 10-100-fold lower than those for other
epidermal inhibitors (e.g., cystatin M/E; Sotiropoulou et af,
1997). Secondly, His-Kdap was assayed for activity to
suppress the growth of microbes (Streptococcus group A,
E. coli, Staphylococcus aureus, and Candida afbicans). No
suppressive activity was found with any of the microbes
tested. Kdap is thus likely to possess disparate function from
other low-molecular-weight secreted proteins in the CCE,
although there remains the possibility that post-translational
modification is required to activate Kdap function (His-Kdap
produced in E. colf assumed to have no modification similar
to that in keratinocytes).

Materials and Methods

Cell culture Primary keratinocytes and dermal fibroblasts were
isolated, respectively, from epidermis and dermis of newborn
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hurnan foreskins as described before {Girclomoni et al, 2000).
Isolated keratinocytes were maintained and expanded in kerati-
nocyte-SFM media {Invitrogen, Carlsbad, California). Third- to
sixth-passaged keratinocytes (60%-80% confluency) served as a
source of RNA for cDNA library construction and for experiments
examining gene expression. Derma) fibroblasts and COS-1 cells
were cultured in Dulbecco's modified Eagle’s medium (DMEM)
supplemented with 10% fetal calf serum (FCS).

Cloning of keratinocyte-specific and $S-encoding genes For
the S8 trap, we constructed a cDNA library based on a report by
Tashiro et al (1997). We fused H-end ¢DNA sequences from
keratinocyte mRNA in frame to the gene for a variant human
interleukin-2 receptor o (hIL-2Ra) lacking S8 in order to produce
hiL-2Re fusion proteins. Eight thousand independent colonies
were sorted randomiy from the library into 163 pools {49 clones per
pool) for §S trap screening (Tashiro et al, 1997, Bonkobara et al,
2003). Plasmid DNA (0.2 pg) from each pool {all colonies in a group)
was transfected into COS-1 cells {1 x 10%) seeded on eight-well
chamber slides (NUNGC, Naperville, lllinois) using FUGENE 6 {(Roche
Molecular Biochemicals, Indianapolis, indiana). After 3 d of culture,
the transfectants were assayed by immunocytochemistry for
surface expression of hiL-2Re; fixed cells were incubated with
0.5 pg per mL of mouse monoclonal antibody (mAb) against hil-
2R (R&D Systems Inc., Minneapolis, Minnesota). After incubation
with biotinylated anti-mouse IgG, avidin-peroxidase and 3-amino-
9-ethylcarbazole (AEC) (DAKO, Carpinteria, California) were
applied and the color stain was examined under light microscopy.
Pools showing surface expression of IL-2Re were sub-divided
{7 clones per subpool), and then screened further in the above
manner. Finally, cDNA clones in positive subpools were examined
clonally for IL-2Re surface expression.

cDNA, clones with IL-2Rx surface expression were screened by
differential hybridization as described previously (Ariizumi et al,
1997, 2000) for cDNA expressed selectively by keratinocytes.
Selected colonies {193 clones) were transferred to nylon mem-
branes and hybridized with total cDNA probes prepared from
paly(A)* RNA of keratinocytes or with total cDNA probes of dermal
fibroblasts. This differential hybridization led to selection of 36
cDNA clones with strong hybridization signals for keratinocyte
total cDNA probes, but little or no signals for dermal fibroblast
probes,

The $S-trapped cDNA clones expressed selectively by kerati-
nocytes were examined for nucleotide sequence identities in
GenBank and EST databases using a Blast search program from
the National Center for Biotechnology Information (NCBI). cDNA
clones found in the EST database were evaluated for full-length
nucleotide sequences (SS-trapped c¢DNA clones contain
5'-end sequences only) using 3’ rapid amplification of cDNA ends
{8’ RACE) system (invitrogen). The clones with longest cDNA
inserts were selected and their nucleotide sequences were
determined.

Northern bletting and RT-PCR analysis Northern blotting was
performed as described previously (Ariizumi et al, 1995). Poly(A)*
RNA {2 g} isolated from primary-cuitured human keratinocytes,
dermal fibroblasts, foreskins, and mouse organs were size-
fractionated on a vertical agarose gel, transferred electrophoreti-
cally onto a nylon membrane, and hybridized in buffer containing
1 x 168 c.p.m. per mL of *2P-labeled cDNA for Kdap or p-actin
gene. After incubating for 16 h at 42°C, membranes were washed
and autoradiographed. For tissue distribution of human Kdap
mRANA, a nylon membrane (Human Multiple Tissue Blots pur-
chased from BD Biosciences, Palo Alto, Califomia) with an array of
mRNA (2 pg} isolated from varicus human organs was hybridized
according to the manufacturer's recommendations.

To determine Kdap gene expression in total RNA isolated from
mouse epithelial tissues, RT-PCR was performed (Ariizumi et al,
1995). RNA (100 ng) was reverse-transcribed and then PCR-
ampfified in one tube (50 pl) containing 0.2 mM dNTF, 1.2 mM
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MgCla, 20 pmol primers, and SuperScript I| RT/Taq mix (Super-
script One-Step RT-PCR System, Invitrogen) using a protocol for
cDNA synthesis (45°C for 30 min, and then at 94°C for 2 min). The
PCR cycling protocol included incubation at: 94°C for denaturation
{45 s); 60°C for mouse Kdap or 55°C for p-actin primers for
annealing (45 s), 72°C for extension {60 s); and 30 cycles. PCR
products (20 ul) were size-fractionated electrophoretically on
1.2% agarose gel and visualized by ethidium bromide staining. The
following primars were used to PCR-amplify ¢cDNA: for mouse
Kdap, 5'-CAGCCCAAACCGGACACCAT-3 and 5'-GGGGAACT-
GAGGCAAGGAAGATTT-3'; and for mouse B-actin, 5-GAGCGG-
GAAATCGTGC GTGACATT-3' and 5'-GAAGGTAGTTTCGTGGAT-
GCC-3,

For experiments examining .the expression of alternatively
spliced Kdap mRNA in keratinocytes, we used the same conditions
as before, except for a different annealing temperature (58°C) and
a primer set; 5'-CTGCCATGATGCTCCTCTCC-3 and 5'-AGTTG-
CGCTCCTCAGTCCTTTCA-3'.

Construction of plasmid and adenoviral expression vectors A
plasmid expression vector, pKdap-Fc, encoding a fusion protein of
human Kdap precursor and an Fc portion of human IgG1,
was constructed, Briefly, the entire coding sequence for
Kdap precursor was PCR amplified with 5- and 3'-primers
containing EcoRl and Xbal restriction enzyme sites, respectively.
The resulting PCR fragment was inserted in frame into the 5'-end of
a coding sequence for the Fc portion that had been subcloned
previously into a CMV-driven expression vector {(pcDNA3.1,
Invitrogen).

Adenoviral vectors (Adv) were generated according to the
manufacturer's manuals of AdEasy system (Quantum Biotechnol-
ogies, Carisbad, Califomia) with minor modifications (He et al,
1998). A full-length cDNA for the human Kdap precursor was
introduced into a CMV-driven shuttle vector (pShuttie-CMV) using
Xhol and EcoRV restriction sites. After linearization of the shuttle
vector DNA with Pmel, DNA (0.5 pg) was co-transformed into
BJ5183 Escherichia coli (Quantum Bictechnologies) with 0.1 pg of
pAdEasy-1, which encodes a whole genome of Adv type 5 lacking
the E1 and E3 regions. The obfained plasmid clones were
screened for recombinant Adv DNA by total size (>33 kb) and
by presence of the Kdap gene. A plasmid sequence in a selected
recombinant DNA (5 pg) was removed by digestion with Padi and
then transfected into a permissive cell line, 293A, using 6 ug of
FUGENE 6. After culturing for 6 d, recombinant viral particles were
recovered by freeze-thawing transfected cells, amplified further by
infection of large numbers of 293A cells, and then purified by
double ultracentrifugation through c¢esium chioride gradients.
Plague-forming units (PFU) of purified Adv were determined using
the tissue culture infectious dose {TCIDsg) method described
previously (He et al, 1998).

Gene delivery In plasmid transfection, COS-1 cells were seeded
at 1 d prior to transfection onto a 60 mm culture dish at a density of
5 x 10° cells. Cells were incubated overnight in the presence of the
expression vector DNA (2 pg) and 8 ul of FUGENE 6. For Adv-
mediated gene delivery to COS-1 cells and keratinocytes, cells
were seeded on 24-well plates at a density of 1 x 10° cells per
well. The next day, recombinant Adv was added at multiplication of
infection (MOI) of 250 for COS8-1 cells and 500 for keratinocytes.
After incubating at 37°C for 90 min, uninfected Adv was washed
out and then cultured for 2 d. ‘

Extraction of proteins and SDS-PAGE/western blotting Two
days after transfection or infection, the culture medium was
replaced with fresh medium. The next day, the supernatant was
recovered and whole-cell extracts were prepared by incubating
cells with 0.3% Triton X-100/phosphate-buffered saline (PBS)
containing 1 mM phenylmethylsulfonyl fluoride (PMSF) and 2 pug
per mb of leupeptin, followed by centrifugation (Shikano et al,
2001). Whole-cell extracts were also prepared from the scales of
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psoriatic skin and of dry skin in a healthy individual as described
previously (Zeeuwen et al, 1997). In experiments assaying Kdap
protein expression from the supematant of cultured keratinocytes
{not transfected), the supernatant was concentrated in volume 10-
20-fold by lyophilization and subsequently rehydrated with a small
volume of buffer.

Aliquots of each fraction prepared from transfected cells or
protein extracts frormn psoriatic scales were size fractionated on
16.5% Tris-Tricine gels under reduced conditions. Following
electro-transfer onto Hybond-P membrane (Amersham Phamnacia
Biotech, Piscataway, New Jersey), the membranes were blocked
with 5% non-fat dried milk/0.1% Tween 20/PBS and incubated
with 0.1 ug per mL of purified rabbit IgG raised against His-tagged
Kdap recombinant proteins or control IgG. Signals were developed
with horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG
and ECL plus system (Amersham Pharmacia Biotech}.

Production of antibodies against His-fagged recombinant
Kdap protein A bacterial expression vector, pET-hKdap, was
constructed by insertion of a PCR-amplified coding sequence for
human mature Kdap in frame into that for N-terminal 10 x
Histidine in an expression vector, pET-16b (Novagen, Madison,
Wisconsin). BL21(DE3) E. coli (Novagen) transformed with pET-
hKdap was treated with 1 mi IPTG for 6 h. After harvesting cells,
whole proteins were extracted by 8 M urea/100 mM sodium
acetate/Tris-HCI, pH 8.0, and applied to affinity purification
with nickel resins (Quiagen). His-tagged Kdap was eluted
from the resins with 8 M urea/100 mM sodium acetate/0.5 M
imidazole, pH 4.5, fractions were collected containing proteins,
and finaily refolded by dialysis against 100 mM phosphate buffer
pH7.7).

Refolded His-Kdap was used for immunization of rabbits. A
mixture of Kdap recombinant proteins (200 pg per rabbit) and
complete Freund’s adjuvant was injected into rabbits, followed by
three boosts with incomplete Freund's adjuvant at 3-wk intervals,
Five days after the last boost, serum was collected from
immunized rabbits and affinity purified with beads conjugated with
His-Kdap.

N-terminal sequencing To determine the exact site of signal
peptide cleavage in the Kdap precursor, purified recombinant
Kdap-Fc was subjected to N-terminal sequencing. Briefly, 3 d after
transfection of pKdap-Fc into COS-1 cells, Fe-fusion proteins in
the culture supernatant were allowed to bind to Protein A-agarose
(Sigma, St Louis, Missouri), and then eluted sequentially with 150
mM NaCl/50 mM acetate buffer {pH 4.3) and 150 mM NaCl/50 mM
glycine buffer (pH 2.3). Fractions with highest protein concentra-
tions were selected and applied to SDS-PAGE, followed by
western blotting. A band with reactivity to goat anti-human lgG
Ab was purified by gel extraction and subjected to 16 cycles of N-
terminal sequencing by automated Edman degradation in the
HHMI Protein Chemistry Core Research Facliity (UT Southwes-
tern).

Skin samples Biopsies were taken from lesional skin sites of three
individuals with psoriasis, Our study was performed after the ethics
committee approval and informed consent was obtained under the
Declaration of Helsinki Principles. The controls included two
normal individuals (one famale and one male) without skin disease
for fluorescence and for in situ hybridization and two different
individuals for immunocelectron microscopy (two males).

Indirect immunofiuorescence Human skin cryostat sections
were fixed in cold acetone (—20°C) for 10 min and incubated with
5% normal goat serum (NGS} in 0.1 M Dulbecco’s PBS for 5 min at
37°C. Sections were incubated with anti-Kdap Ab or rabbit control
IgG (diluted at 1:50), secondary antibody goat anti-rabbit 1gG
fluorescein isothiocyanate (FITC, Dako, Kyoto, Japan), diluted in
3% bovine serum albumin (BSA) in 0.1 M PBS for 30 min at 37°C.,
The sections were then mounted in Permafiuor {Thermo Shandon,
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Pittsburgh, Pennsylvania) and examined with a Nikon Optiphot 2
microscope equipped for epifluorescence or a confocal laser
inverted microscope (Olympus Fluoview FV300 Optical Elements
Corporation, Dulles, VA). Images were scanned sequentially using
a 40 times objective, and multiple images were Kalman averaged
{n>5).

Post-embedding immunogold electron microscepy Skin sam-
ples were obtained from the outer aspect of the arm and thigh, and
were processed for post-embedding immuncelectron microscopy
as previously described (Shimizu et a/, 1989). Briefly, samples were
cryoprotected in 20% glycerol/PBS for 1 h at 4°C, and plunged in
liquid propane at —190°C using a KF-80 apparatus (Reichert Jung,
Vienna, Austria). After freeze substitution over 3 d at —80°C in
methanol and over 2 d at ~60°C using the AFS apparatus (Leica,
Miiton Keynes, UK), the samples were embedded in Lowicryl
K11M resin polymerized by UV light. Ultrathin sections were cut
and collected on pioloform-coated nickel grids. The sections were
pre-incubated in PBS containing 5% NGS, 1% BSA, and 0.1%
gelatin and then incubated with anti-Kdap Ab (1:100 dilution) at
37°C for 2 h. After washing with PBS, the sections were incubated
with secondary linker Ab for 2 h at 37°C, followed by incubation
with a gold-conjugated antibody for 2 h at 37°C. After staining with
alcoholic uranyl acetate (15 min) and Reynolds lead citrate {5 s), the
sections weré observed in a Hitachi H7100-transmission electron
microscope (Hitachi, Tokyo, Japan).

in situ hybridization of human skin This assay was performed
using manufacturer's recommendations of mRNA focator {(Ambion,
Austin, Texas), Briefly, frozen skin sections were treated with
proteinase K at room temperature for 20 min. After fixation,
genomic nucleotides were digested with 500 U per mL DNase | at
37°C for 1 h. Control sections were treated with RNase (instead of
DNase). For probe praparation, a full-length cDNA of Kdap (441 bp)
was subcloned into a pGEM-7zi(—) (Promega, Madison, Wiscon-
sin) and used as a template for in vitro RNA synthesis using
MAXIscript (Ambion), Anti-sense and sense (negative control) RNA
probes were synthesized by T7 and SP6, respectively, RNA
polymerase in the presence of biotin-labeled UTP (Invitrogen).
DNase-treated sections were then hybridized at 42°C for 24 h with
10 ng per mL biotin-labeled RNA probe. After washing, unhybri-
dized Ribo probes were digested with 1 ug per mL RNase A for 30
min at 37°C, and hybridized probes were then visualized by
histechemistry using HRP-labeled streptavidin, avidin-peroxidase,
and AEC reagent.
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Matrix metalloproteinases (MMPs) are thought to be
responsible for dermal photoaging in human skin. In the
present study, we evaluated the involvement of macro-
phage migration inhibitory factor (MIF) in MMP-1 expres-
sion under ultraviolet A (UVA) irradiation in cultured
human dermal fibroblasts. UVA (20 J/em? up-regulates
MIF production, and UVA-induced MMP-1 mRNA produc-
tion is inhibited by an anti-MIF antibody. MIF (100 ng/ml)
was shown to induce MMP-1 in cultured human dermal
fibroblasts. We found that MIF (100 ng/ml) enhanced
MMEP-1 activity in cultured fibroblasts assessed by zymog-
raphy. Moreover, we observed that fibroblasts obtained
from MIF-deficient mice were much. less sensitive to UVA
regarding MMP-13 expression than those from wild-type
BAILB/c mice, Furthermore, after UVA irradiation (10
Jiem?), dermal fibroblasts of MIF-deficient mice produced
significantly decreased levels of MMP-13 compared with
fibroblasts of wild-type mice, Next we investigated the
signal transduction pathway of MIF. The up-regulation of
MMP-1 mRNA by MIF stimulation was found to be inhib-
ited by a PKC inhibitor (GF109203X), a Sre-family tyro-
gine kinase inhibitor (herbimyein A), a tyrosine kinase
inhibitor (genistein), a PKA inhibitor (H89), a MEK inhib-
itor (PD9808Y), and a JNK inhibitor (SP600125). In con-
trast, the p38 inhibitor (SB203580) was found to have little
effect on expression of MMP-1 mRENA. We found that PKC-
pan, PECo/BII, PRCS (Thri05), PKC3 (Ser), Raf, and
MAPK were phosphorylated by MIF. Moreover, we dem-
onsirated that phosphorylation of PKCo/BII and MAPK in
response to MIF was suppressed by genistein, and herhi-
mycin A as well as by transfection of the plasmid of C-
terminal Src kinase. The DNA binding activity of AP-1
was significantly up-regulated 2 h after MIF stimulation.
Taken together, these results suggest that MIF is involved
in the up-regulation of UVA-induced MMP-1 in dermal
fibroblasts through PEC-, PKA-, Src family tyrosine ki-
nase-, MAPK., c-Jun-, and AP-I-dependent pathways.
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marked “adverfisement” in accordance with 18 U.5.C. Section 1734
solely to indicate this fact.
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The skin is an important barrier that protects the body from
damage due to direct contact with the ocutside environment,
including trauma, bacterial infection, and ultraviolet (UV) ix-
radiation. Regarding the environmental damage to skin, the
most common physical injury is that caused by UV irradiation.
UV irradiation substantially increases the risk of actinic dam-
age to the skin. Interstitial collagens, the major structural
components of the dermis, have been found to be particularly
diminished in skin actinically damaged by UV irradiation (1-
3). Quantitative and qualitative changes in the dermal extra-
cellular matrix proteins such as elastin, glycosaminoglycans,
and interstitial collagens are also associated in dermal photo-
damage, There are several morphological and biochemical in-
dications that collagen type I is reduced in UV actinically
damaged skin (4). Various types of UV-induced matrix-degen-
erating metalloproteinases present in dermal fibroblasts con-~
tribute to the breakdown of dermal interstitial collagen and
other connective tissue components.

As for the underlying biological mechanisms of action in-
volved in skin damage, the skin is known to secrete a number
of cytokines, including interleukin (IL)'-1, IL-6, and tumor
necrosis factor (TNF)-a (6-7). UV irradiation up-regulates the
production of these cytokines, and UV-induced collagenases
such as matrix metalloproteinase (MMP)-1 from dermal fibro-
blasts are mediated in part by IL-1e and IL-18 (6). Further-
more, collagenase activity has been shown to be inhibited by a
tissue inhibitor of metalloproteinases (TIMP) (8).

Macrophage migration inhibitory factor (MIF), originally
identified as a lymphokine that concentrates macrophages at
inflammatory loci, is a potent activator of macrophages in vivo
and is considered to play an impertant role in cell-mediated
immunity (9, 10). It has been reported that MIF is expressed
primarily by T cells and macrophages; recent studies have
however revealed that this protein is ubigquitously expressed by
various cells, thus indicating its involvement beyond the im-
mune system in a variety of pathologic states (11, 12). It is of
interest that MIF functions as a cytokine, an anterior pitu-

! The abbreviations used are: IL, interleukin; MIF, macrophage mi-
gration inhibitory factor; MMP, matrix metalloproteinase; UV, ultravi-
olet; TNF-q, tumor neerosis factor-g; TIMP, tissue inhibitor of matrix
metalloproteinase; JNK, c-Jun N-terminal kinase; EMSA, electro-
phoretic gel mobility shift assay; CSK, C-terminal Src kinase; PKC,
protein kinase C; FCS, fetal calf serum; DMEM, Dulbecco’s modified
Eagle's medium; WT, wild type; ELISA, enzyme-linked immunosorbent
assay; MAPK, mitogen-activated protein kinase; DAG, diacyiglycerol-
PKA, cAMP-dependent protein kinase.

This paper is avatlable on line at http://www.jbc.org
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itary-derived hormone, and a glueocorticoid-induced immuno-
modulator (13).

It is of note that UVA irradiation reaches the reticular der-
mis, rendering fibroblasts accessible targets (14). In the skin,
MIF is expressed in the epidermis, particularly in the basal
layer (15). However, the precise role of MIF in the dermis and
the effects of UVA on MIF expression of dermal fibroblasts
remain unknown. In the present study, we attempted to deter-
mine whether MIF mediates the up-regulation of MMP-1 ex-
pression in response to the stimulation of UVA irvadiation. We
also investigated the signal transduction pathway of MIF in
human dermal fibroblasts.

EXPERIMENTAL PROCEDURES

Materials—The following materials were obtained from commercizl
sources. Genigtein, herbimycin A, PP2, GF109203%, 1389, PD93089,
8B203580, and SP600125 were purchased from Calbiochem (San Diego,
CA); Dulbecco's modified Eagle's medium (DMEM) from Invitrogen
{Groningen, Netherland); Dig Gel Shift kit and FuGENE 6 was from
Roche Applied Science (Mannheim, Germany); the Isogen RNA extrac-
tion kit was from Nippon Gene (Toyama, Japan); the Biotrack MMP-1
assay kit, [«-**PldCTP, and Hybond N nylon membrane were from
Amersham Biosciences (Piscataway, NJ); the consensus AP-1 oligonu-
cleotide was from Promega (Madison, WI); the DNA random primer
labeling kit was from Takara (Kyoto, Japan}; anti-phaspho-PKCpan,
PKCo/gIl (Thr*¥%41), PKCS (Tlr®%), PKCS (Ser®'d), PKCO (Thr*3®),
PKD/PKCu (Ser™#7%%), PKD/PKCu (Ser*'®), PKCIA (Thr*™4°%); anti.
phospho-Raf, anti-phospho-pd4/pd2 MAPK antibodies, and the photo-
tope-HRP Western blot detection system were from Cell Signaling
Technology (Beverly, MA). Anti-MMP-1, anti-g-actin antibodies and
gelatin were purchased from Sigma-Aldrich Co.; anti-MMP-13 (Colla-
genase-3) antibody was from Chemicon {Temecula, CA) YM-30 was
from Millipore (Bedford, MA); and recombinant human MMP-1 was
from Genzyme-Techne (Minneapolis, MN). The anti-MIF polyclonal
antthody was prepared as described previously (16). Recombinant hu-
man MIF was expressed in Escherichia coli BL21/DE3 (Novagen,
Madison, WI) and purified as described previously (16). This MIF cen-
tained less than I pg of endotoxin per ug of protein, as determined by
chromogenic Lumulus amoebocyte assay (BioWhittaker, Walkerville,
MD). Plasmids of C-terminal Sre kinase (CSK) and dominant negative
mutant of CSK (CSK ') were prepared as previously described (17.

Cells and Skin Tissues—Human dermal fibroblasts were purchased
from Dainippon Seiyaku (Osaka, Japan). Cells of passages 3-4 were
used for the experiments. In brief, cells were maintained in DMEM
supplemented with 10% heat-inactivated FCS, glutamine (2 mm), so-
dium ascorbate (50 pg/mi), penicillin (100 units/ml), streptomycin (160
pgfml), and fungizone (100 pg/ml). The cells were grown in a nioist
atmosphere in a 5% CO, incubator at 37 °C.

MIF-deficient mice were established by targeted disruption of the
MIF gene, using a mouse strain bred onto a BALB/¢ background (18).
Wild-type {(WT) BALB/c mice were purchased from Japan Clea
{Shizucka, Japan) and maintained under specific-pathogen-free condi-
tiong, Mouse dermal fibroblasts were obtained from MIF-deficient mice
and control WT mice, Newborn mouse skin was carefully shaven, a
segment of skin excised, and fibroblasts were obtained using the stand-
ard explant technique. Briefly, the skin was cut into 3 X 5-mm pieces
and, placed onto large Petri dishes with the subcutanecus side down.
Once a sufficient number of fibroblasts had migrated out from the skin
sections, pieces of the skin were removed and the cells were passaged by
trypsin digestion in the same manner ag for the fibroblasts. Fibroblasts
were grown in DMEM containing 10% FCS and penicillin/streptomycin.
The cells from passage 3 were used for the experiment.

UVA Irradigtion—Human dermal fibroblasts were washed twice
with phosphate-buffered saline, The UVA irradiation source was a
FL208/BLB fluorescent lamp (Clinica! Supply, Tokyo, Japan) that emit-
ted an energy spectrum with high fluency in the UVA region (300430
nm), with a peak at 352 nm. A 6-mm thick glass plate was used to block
UVB emissions. The emitted dose was caleulated using a UVA radiom-
eter photodetector (Torex, Tokyo, Japan). The cells were washed with
phosphate-buffered saline, suspended in Hank's huffer, and aubjected
to UVA irradiation. The duration of UV irradiation delivered to cells
was altered by sliding a plastic lid covered with aluminurm foil onto a
flat-botiomed 6-well plate. After irradiation, the cells were cultured in
DMEM with 10% FCS at 37 °C. Control samples were mock-irradiated
and maintained under the same culture conditions as these used for the
UVA-irradiated specimens. To examine the effects of anti-MIF antibody
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on the UVA-induced MMP-1 mRNA, fibroblasts were UVA-irradiated
(20 Jfom?) in the presente of an anti-MIF antibody (1 and 10 pg/m) in
DMEM supplemented with 10% FCS and then further incubated for
24 h. Expression of MMP-1 mRNA and protein levels were assessed by
Northern blot and Western blot enalyses, The abdomens of MIF-defi-
cient mice or WT mice were carefully shaved, and irradiated with UVA
(0-30 J/em®), After UVA irradiation for 24 h, skin was surgically ob-
tained and MMP-13 production was assessed hy Western blot analysis.
Dermal fibroblasts from MIF-deficient mice or WT mice were harvested
after reaching 70% confluence. The cells were washed twice with PBS
and exposed to a UVA fluorescent lamp for the indicated doses (0-10
d/em?), After irradiation, cells were cultured in DMEM supplemented
with 10% FCS for 24 h, and MMP-13 production was evaluated by
Western blot analysis.

Narthern Blot Analysis—Complete coding ¢cDNA for human MMP-1
in a pSP64 vector was obtained from the American Type Culture Col-
lection. Templates of human TIMP-1 and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) ¢cDNA for Northern blot analyses were ob-
tained by reverse transcription-polymerase chain reaction (RT-PCR)
from a human ¢cDNA library of human primary dermal fibroblasts.
Preparation of each template proceeded using the following primers:
TIMP-1 (535 bp), forward primer 5'-TCCTGTTGTTGCTGTGGCTGAT-
AGC-3' and reverse primer 5'-CAGGCAAGGTGACGGGACTGGAAG-
C-3’, GAPDH (306 bp), forward primer 5'-CGGAGTCAACGCATTIG-
GTCGTAT-3' and reverse primer 5 -AGCCTTCTCCATGGTGGTGAA-
GAC-3'. To examine the signal transduction pathway of MIF, human
dermal fibrablasts were stimulated with or without MIF and various
inhibitors of molecules involved in the signal transduction pathway for
24 h, Total RNA was isolated from monclayered cuitures using an
Isogen RNA extraction kit according to the manufacturer’s protocols.
RNA was quantified by spectrophotometry, and equal amounts of RNA
(5~10 ug) from samples were loaded on a formaldehyde-agarose gel. The
gel was stained with ethidium bromide to visualize the RNA standards,
and the RNA was transferred onto a nylon membrane. Fragments
obtained by restriction enzyme treatments for MMP-1, TIMP-1,
GAPDH, and MIF were labeled with [«-**PldCTP using a DNA random
primer labeling kit. Hybridization waa carried out at 42 °C for 24 h,
Post-hybridization washes were performed twice in 0.1% SDS, 0.2x%
S8C (1x 88C: 0.15 M NaCl, 0.015 M sodiurm citrate) at 65 °C for 15 min.
The radioactive bands were visualized by autoradiography on Kodak
X-AR5 film and quantitatively analyzed using the NIH Image system.
Multiple autoradiographic data were examined to ensure that the re-
sults reflected those produced in the Yinear range of the film. The results
were normalized by GAPDH mRNA levels. Comparison of ethidium
bromide-stained gels with the corresponding GAPDH mRNA levels
showed that GAPDH mRNA levels reflected the total RN A loaded onto
the gels.

ELISA for MIF—To examine the concentration of MIF from cultured
fibroblasts, supernatants from cultured fibroblasts by UVA were oxam-
ined using an MIF ELISA aystem essentially aa deseribed previously
(19). For this assay we used recombinant human MIF to obtain the
standard curve, in which good linearity was demonstrated between MIF
concentrations (1 to 200 ng/ml) and absorbency.

ELISA for MMP-I—After reaching confluence, the cells were
trypsinized and then plated on a 24-well culture dish at 4 x 10* cells per
well in 0.5 ml of DMEM containing 10% FCS. After 48 h, the medium
was replaced with 0.5 ml of serum-free DMEM containing various doses
of MIF (0, 0.1, 1, 10, and 100 ng/ml). After 24 h, the supernatants were
collected and subjected to ELISA for MMP-1. The pratein level values
for MMP-1 were added to those of the supernatants. For the time-course
gtudy, we used a procedure similar to that used for the dose response
study in the presence of 100 ng/ml MIF using human dermal fibro-
blasts. Aliquots were obtained at the indicated intervals for up to 48 h.
MMP-1 was agsayed by an ELISA using a Biotrack MMP-1 assay kit
according to the manufacturer’s protocol. The mimimal sensitivity of the
assay system was 6.25 ng/ml, and good linearity was observed at
amounts up to 100 ng/ml. Using this ELISA system, all forms of MMP,
including pro-MMP-1, MMP-1, and MMP-1 complexes with TIMP-1,
could be measured.

Determination of MMP-1 Activity in Culture Media of Fibroblasts—
Culture media of dermal fibroblasts were collected at the indicated
intervals in the presence of MIF (100 ng/ml) for up to 48 h, and
concentrated (10-fold} using Centriprep YM-30 (Millipore, Bedford, MA)
for further analyses. Then, MMP-1 activities were determined by hep-
arin-enhanced zymography as previously described (20). In brief, gela-
tin (0.5 mg/ml) was embedded in 7.5% SDS-PAGE gel. Samples (15 pg
protein for each sample) were treated with sample buffer without di-
thiothreitol at room temperature and electrophoresed until the dye-



1678

front was near the bottom of the gel. To produce the enhancing effects,
10 ml heparin (0.3 mgfml in 1% sample buffer without SDS) was added
to the lanes 20-30 min after electrophoresis began, Each gel was
washed two times with 2.5% Triton X-100, 50 mM Tris, pH 7.5, 4 °C, 20
min each, to remove SDS and then two times with buffer plus 5 mm
CaCl,, The gel was washed three times with incubation buffer (50 mm
Tris, pH 7.5, 5 mM CaCl,) and then incubated in this buffer with added
protease inhibitors (50 pM each of z-phe-chloromethylketone and tosyl-
phe-chloromethylketone and aminoethyl benzenesulfonyl fluoride) for
18 h at 37 °C with gentle shaking. Gels were stained with 0.1% Coo-
massie Blue in 40% MeOH, 10% acetic acid, for 45 min, and destained
with 7% acetic acid. A pogitive control for recombinant human MMP-1
was used to detect the molecules of MMP-1.

Western Blot Analysis—Cells (1 X 10° cella) were disrupted with a
Pelytron homogenizer (Kinematiea, Lucerne, Switzerland). The protein
concentrations of the cell homogenates were quantified using a Micro
BCA protein assay reagent kit. Equal amounts of homogenates were
disselved in 20 ul of Tris-HCI, 50 m¥ (pH 6.8), containing 2-mercapto-
ethanol (1%}, sodium dodecyl sulfate (SDS) (2%), glycerol (20%), and
bromphenal blue {0.04%), and the samples were heated to 100 °C for 5
min. The samples were then subjected to SDS-PAGE and transferred
electrophoretically onto a nitrocellulose membrane. The membranes
were blocked with 1% nonfat dry milk in phosphate-buffered saline.
probed with anti-phospho-Raf, or anti-phospho-MAPK antibody, then
allowed to react with goat anti-rabbit IgGG Ab coupled with horseradish
peroxidase. The resultant complexes were processed for the detection
system according to the manufacturer’s protocol. To investigate the
involvement of tyrosine kinagse in PKC phosphorylation, cells were
serum-starved for 24 h and challenged with MIF (100 ng/ml) 30 min
after the addition of PP2 (10 uM), tyrosine kinase inhibitor {genistein)
€100 pnt), and Sre family tyrosine kinase inhibitor (Herbimycin A) (10
uM) in serum-free medium. After 60 min. the cells were harvested and
subjected to Western blot analysis for phosphorylation of phospho-
PKCo/gll. Tq investigate the involvement of tyrosine kinase and PKC
in the phosphorylation of MAPK by MIF, fibroblasts pretreated with
inhibitors against tyrosine kinase and PKC for 30 min were stimulated
by MIF for 60 min. Then cell lysates were prepared and subjected to
Western blot analysis. For loading controls, we carried out Western blot
analysis on g-actin using an anti-p-actin antibody,

Transfection of CSK and CSK —At 24 h after plating the fibroblasts
on 8-well dishes, plasmid DNAs of CSK and CSK~ were transfected
using FuGENE 6 according to the manufacturer's protocol. For each
dish, CSK or CSK ' plasmid (1 ug) was transfected to cultured cells in
serum-free medium for 24 h. Following this, cells wers stimulated with
MIF (100 ng/ml) for 60 min. The cell lysates were prepared and sub-
jected to Western blot analysis for phosphorylation of PKC and MAPK,

Electraphoretic Gel Mobility Shift Assay {EMSA)—Human dermal
fibroblasts were incubated with 100 nghnl MIF for the indicated times,
and the nuclear proteins extracted. The consensus AP-1 oligonucleotide
was annealed and labeled with digoxigenin-11-ddUTP. To prevent non-
specific binding, 0.1 pg of poly(d(I-C)) was added to the binding reac-
tion. The mixture was transferred to a 6% polyacrylamide gel and
submitted to gel elecirophoresis. Following electrophoresis, the oligo-
nucleotide-protein complexes were electroblotted to a Nylon membrane.
The digoxigenin-labeled DNA oligonucleotides were visualized by an
enzyme immunoassay using anti-digoxigenin-AP, Fab-fragments, and
the chemiluminescent substrate CSPD, as described by the manufac-
turer {Roche Applied Science). The generated chemiluminescence was
visualized on x-ray film.

Statistics—Values are expressed as means * S.E. of the respective
test or control group. Statistical significances between the control group
and test groups were evaluated by the Student's  test. Data are rep-
resentative of at least three experiments.

RESULTS

MIF Production in Response to UVA Irradiation in Human
Dermal Fibroblasts—We first examined whether UVA is able
to stimulate production of MIF in dermal fibroblasts. Fibro-
blasts were stimulated by UVA, and it was found that UVA
up-regulates MIF production in a dose-dependent manner (Fig.
1). After 24-hr UVA stimulation at an intensity of 20 J/em?, the
MIF content was remarkably elevated, showing a more than
8-fold increase compared with levels in the absence of UVA
stimulation.

Effects of MIF on MMP-1 and TIMP-1 mRNA Expression—In
human dermal fibroblasts, MMP-1 mRNA was up-regulated in
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Fi6. 1. Induction of MIF in human fibroblasts by UVA radia-
tion, Fibroblasts were treated with UVA radiation and cultured for
24 h, MIF in the culture media was measured by ELISA, as described
under “Experimental Procedures.” The values are the mean * S.E. of
three different experiments. ** p < 0,01 and *, p < 0.05 for 20 J/em®
versus 0 J/em?
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Fic. 2. Effects of MIF on MMP-1 mRNA expression in dermal
fibroblasts., Total RNAs extracted from dermal fibroblasta were
treated with various concentrations of MIF in serum-free medium at
the indicated intervals. Northern blot analysis was carried out as de-
seribed under “Experimental Procedures.” The membranes were hy-
bridized with radiolabeled ¢DNA probes of MMP-1 and GAPDH and
then visualized by autoradiography. o, the dose-dependent expression
of MMP-1 mRNA expression in response to MIF ranging from 0 to 100
ng/mal after 24 h-MJF stimulation. b, time-dependent expression of
MMP-1 mRNA in response to MIF (100 ng/ml).

a dose-dependent manner in response to MIF, ranging from 1
ngfml to 100 ng/ml for per 24-hr treatment (Fig. 2a). A time.
course study of MMP-1 and TIMP-1 in dermal fibroblasts wag
then performed. MMP-1 mRNA expression increased in re-
sponse to MIF (100 ng/ml) at 1 h post stimulation and reached
a maximum at 24 h (Fig. 25). MIF mRNA levels were slightly
down-regulated at 48 h. TIMP-1 mRNA was also elevated, but
the increase was less significant than MMP-1 mRNA, although
the levels were sustained for at least 48 h.

MMP-1 Production and Activation in Response to MIF—
MMP-1 protein was detected in the culture supernatant of
human dermal fibroblasts. In a dose-response study, the
MMP-1 protein levels were significantly up-regulated at doses
of 100 ng/ml {Fig. 3a). For the time-course study, MMP-1 in the
supernatant was elevated at 12 h after MIF stimulation {100
ng/ml), reached a maximum at 24 h, and was sustained for at
least 48 h (Fig. 3b). To investigate MIF induced MMP-1 activ-
ity, zymography was performed. We used heparin to enhance
the signal, because MMP-1 is difficult to detect at low levels in
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Fic. 3. Effects of MIF on the production and activation of
MMP-1 in dermal fibroblasts. a, aliguots of the culture supernatants
of dermal fibroblasts in serum-free medium were collected after treat-
ment with various concentrations of MIF for 24 h, then subjected to
ELISA for MMP-1({n = 5). ** p < 0.01 and *, p < 0.05 versus contrgl (
ng/ml). &, culture supernatants of dermal fibroblasts were collected at
the indicated times in the presence of 100 ng/ml MIF for up to 48 h and
then subjected to ELISA on MMP-1 (n = 5), *, p < 0.05 versus control
(0 h). ¢, culture supernatants of dermal fibroblasts were collected at the
indicated times in the presence of 100 ng/ml MIF for up to 48 h. The
supernatants were concentrated 10-fold and subjected to heparin-
enhanced zymography. Molecular weight markers at 56 and 45 kDa
show latent and active forms of MMP-1, respectively. Cont, stimulation
with recombinant MMP-1 for 48 h,

24 48 Cont

conventional gelatin zymography (20). MMP-1 in the active
form (45 kDa) in fibroblasts was enhanced by 100 ng/ml MIF
stimulation, reached a maximum at 24 h, and slightly de-
creased at 48 h (Fig. 3e).

Inhibition of MMP-1 Production of Dermal Fibroblasts by o
Neutralizing anti-MIF Antibody—We attempted to determine
whether neutralizing anti-MIF antibody influences UVA-in-
duced MMP-1 expression in human dermal fibroblasts. By
Northern blot analysis, we found that the anti-MIF antibody (1
and 10 pg/ml) significantly down-regulated the expression of
MMP-1 mENA induced by UVA stimulation (20 J/em?®) (Fig.
4a). Based on the results of the Western blot analysis, we
confirmed that MMP-1 production is inhibited by the anti-MIF
antibody (Fig. 4b).

UVA-indueed MMP-13 Production in Cultured Dermal Fi-
broblasts and Skin Tissue in Vivo from MIF-deficient Mice—To
clarify whether synthesis of MIF is required for the UVA-
induced collagenase, we used dermal fibroblasts from MIF-
deficient mice in the production of mouse collagenase MMP-13.
Although MMP-13 plays a restricted role in human tissues, it is
the predominant tissue collagenase in rodents. Twenty-four
hours after UVA irradiation, a significant decrease in viability
was observed only after more than 15 J/em? UVA irradiation in
fibroblasts from MIF-deficient mouse (data not shown); we
therefore used up to 10 Jfem? UVA irradiation for experiment.
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Fic. 4. Effects of anti-MIF antibody on the UVA-induced
MMP-1 mRNA. q, fibroblasts were irradiated {UVA 20 J/fem?) in the
presence of an anti-MIF antibody (1 and 10 pg/ml) in DMEM supple-
mented with 10% FCS and then further incubated for 24 h. Expression
of MMP-1 mRNA was assessed by Northern blot analysis. Lane I,
untreated dermal fibroblasts; lane 2, fibroblasts stimulated by UVA;
lene 3, UVA-stimulated fibroblasts with the anti-MIF antibody (1 pg/
ml); lane 4, UVA-stimulated fibroblasts with the anti-MIF antibody (10
ug/mll, b, cell lysates (40 ug) of 20 Jfem® UVA-stimulated fibroblasts
with anti-MIF antibodies (1 and 10 pg/ml) cultured for 24 h were
subjected to Western blot analysis using an anti-MIF antibody. The
results with anti-g-actin antibody are shown as a control. Lane 1,
untreated dermal fibroblasts; lane 2, fibvoblasts stimulated by UVA,;
lane 3, UVA-stimulated fibroblasts with the anti-MIF antibody (1 pg/
ml); lane 4, UVA-stimulated fibroblasts with the anti-MIF antibody (10
wg/ml).

a
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F16. 5. UVA-induced MMP-13 production. from cultured der
mal fibroblasts and skin tissues of MIF-deficient mice. a, cultured
3rd passage dermal fibroblasts from MIF-deficient mice or BALB/c WT
mice were irradiated with UVA at 0, 5, 10 J/em?. After 24 h, cell lysates
(40 pg) were subjected to Western blot using anti-MMP-13 antibody.
The results with anti-B-actin antibody are shown as a control. Lane I,
WT mouse, 0 Jlem?; lane 2, WT mouase, 5 Jiem?; lare 3, WT mouse, 10
Jlem?; lane 4, MIF-deficient mouse, 0 J/em? lane §, MIF-deficient
mouse, 5 Jem?; lane 6, MIP-deficient mouse 10 J/em?, b, shaved abdo-
mens of MIF-deficient mice or BALB/e WT mice were irradiated with
UVA at 0, 10, 20, and 30 J/cm?. After 24 h, skin homogenates were
subjected to Western blotting using an anti-MMP-13 antibody. Lare 1,
WT mouse with 0 J/cm?; lane 2, WT mouse with 10 J/iem?; lane 3, WT
mouse with 20 Jfem?; lane 4, WT mouse with 30 J/em?; lane 5, MIP-
deficient mouse with 0 J/em® lane 8, MIF-deficient mouse with 10
Jem?; tane 7, MIF-deficient mouse with 20 Jfem?; lane 8, MIF-deficient
mouse with 30 J/em?,

After 24 h of UVA irradiation (0—10 J/cm?), elevated MMP-13
production was observed in cell lysates of dermal fibroblasts in
contro] WT mice in a dose-dependent manner (Fig. 5a). On the
other hand, UVA irradiation appeared to have no effect on
MMP-13 production in dermal fibroblasts of MIF-deficient
mice. Consistent with these results in vitro, elevated MMP-13
production was also observed in the skin of control WT mice in
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Fic. 6. Effects of reagents on MIF.induced MMP-1 mRNA ex.
pression, Dermal fibroblasts were preincubated for 30 min with vari-
ous concentrations of inhibitors prior to challenge with MIF. The cells
were then incubated for 24 h in the presence or absence of inhibitors
and visualized by autography. a, tyrosine kinase inhibitor genistein and
Sre family tyrosine kinase inhibitor herbimycin A; lane 1, no stimula-
tion; lane 2, genistein 100 pM; lare 3, herbimycin A 10 uM; lare 4, MIF
100 ng/mk: lane 5, MIF 100 ng/m] + genistein 10 uM; lane 6, MIF 100
ng/ml + genistein 100 pM; lane 7, MIF 100 ng/ml + herbimycin A 1 pM;
lane 8, MIF 100 ng/ml + herbimycin A 10 pMm. b, MEK inhibitor
PD98089 and p38 inhibitor SB203580; lane 1, no stimulation; lane 2,
PD98059 40 pu; lane 3, SB203580 10 pM; lane 4, MIF 100 ng/ml; lane
5, MIF 100 ng/m] + PD98059 10 um; lane 6, MIF 100 ng/ml + PD98059
40 uns; lane 7, MIF 100 ng/mal + SBR03580 5 un; lane 8, MIF 100 ng/ml +
SB203580 10 pM. ¢, PKA inhibitor H89 and PKC inhibitor GF109203X.
Lane 1, no stimulation; lane 2, H89 10 um; lane 3, GF109203X 10
lane 4, MIF 100 ng/ml; lane 5, MIF 100 ng/ml + H89 1 pM1; lare 6, MIF
100 ng/ml + H89 10 udi; lane 7, MIF 100 ng/ml + GF109203X 1 um; lane
§, MIF 100 ng/ml + GF109203X 10 1eM.

MMP-1
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Fic. 7. Effects of JNK inhibitor on MIF-induced MMP.1 mRNA
expression. Dermal fibroblasts were preincubated for 30 min with
various concentrations of inhibitors prior to challenge with MIF similar
to the procedure in Fig. 6. The cells were then incubated for 24 h in the
presence or absence of JNK inhibitor SP600125. Lane 1, no stimulation;

lare 2, SP600125 30 pM; lane 3, MIF 100 ng/ml; lane 4, MIF 100 ng/ml +
81600125 3 uM; lane 5, MIF 100 ng/ml + SPG00125 30 um,

a dose-dependent manner after UV irradiation in vive, whereas
UVA jrradiation had little effect on MMP-13 production in the
gkin of MIF-deficient mice (Fig. 5b), .

Effects of Inhibitors on MMP-1 Expression in Response to
MIF--To examine the signal transduction pathway of MIF, we
examined the effects of several inhibitors of molecules involved
in the signal transduction pathway when dermal fibroblasts
were stimulated with MIF relevant to MMP-1 up-regulation.
Several inhibitors were tested, including tyrosine kinase inhib-
itors genistein and herbimycin A, PKA inhibitor H39, PKC
inhibitor GF109203X, and MEK inhibitor PD98082. We found
that these inhibitors for tyrosine kinase, PKA, PKC, and MEK
inhibitors significantly reduced MMP-1 mRNA stimulated by
MIF (Fig. 6, a-cj. In contrast, the SB203580 (p38 inhibitor)
failed to inhibit the up-regulation of MMP-1 mRNA (Fig. 6b).
Furthermore, we found that JNK inhibitor SP600125 also
gignificantly suppressed MMP-1 mRNA stimulated by MIF
(Fig. 7).

Phosphorylation of PKC, Rof, and MAPK—We investigated
the phosphorylation of PKC, Raf, and MAPK after MIF stim-
ulation in dermal fibroblasts. The phosphorylation of PKC pan,
PKCo/pll, PKC8 (Thr®%) and PKCS (Ser®?) reached a maxi-
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Fi. 8. Phosphorylation of PKC in response to MIF. Dermal
fibroblasts were stimulated for the indicated time intervals (0-120 min)
by MIF (100 ng/ml). Western blot analysis was performed on whole cell
lysates (40 ug) and antibodies againat phospho-PECpan, PKCo/ BII,
PECE (Thr™™), PKCS (Ser®), and PKCZ/A (Thr*'™%) were used. After
removal of the original signals, we carried out Western blot analysis of
B-actin on the same membranes as loading controls for each PKC
isoform as described under “Experimental Procedures.” Since the pat-
terns of protein bands of B-actin for all 5 isoforms were similarly
detected, we present the results of B-actin on phospho-PKC(pan) as a
representative at the bottom: of the lanes.
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Fi1G. 9. Phosphorylation of Raf and MAPK in response to MIF,
Dermal fibroblasts were stimulated for the indicated time intervals
{0-120 min) by MIF (100 ng/ml). Western blot analysis was performed
on whole cell lysates (40 ug) and antibodies against phospho-Raf, and
anti-phospho-p44/p42-MAPK were used. Western blot analysis for B-ac-
tin is gshown as a control.

mum level at 30 min in response to MIF, and was down-
regulated after 120 min, whereas PKCZ/A (Thr*'”4%%) was not
phosphorylated (Fig. 8). Other PKC isoforms, ineluding PKD/
PECu. (Ser™74%) PKDPKCu (Ser™®), and PKCo (Thr®?®),
were not phosphorylated {data not shown). The phosphoryla-
tion of Raf reached a maximum level at 15 min, and that of
MAPK was at a maximum level at 60 min (Fig, 9).

Effects of Protein Kinase Inhibitors on PEC and MAPK Ac-
tivation by MIF—To assess the involvement of tyrosine kinase
on PKC and MAPK activation in dermal fibroblasts, we exam-
ined whether these inhibitors suppressed the phosphorylation
of PECo/BII and MAPK in response to MIF (100 ng/m)) at 60
min. tyrosine kinase inhibitors, including PP2, genistein, and
herbimycin A, were found to suppress PKCo/gII phosphoryla-
tion induced by MIF (Fig. 10a). Furthermore, we demonstrated
that genistein, herbimycin A and PKC inhibitor GF109203X
suppressed the phospherylation of MAPK (Fig. 10b),

Effects of CSK on MIF-induced Phosphorylation of PKC and
MAPEK—Among nonreceptor tyrosine kinages, Sre family tyro-
sine kinases have been reported to activate MAPK (21). We
examined the role of Src family tyrosine kinases in MIF-in-
duced phosphorylation of PKC and MAPK using a negative
regulator, CSK. We transfected a CSK gene-containing plasmid
into cultured dermal fibroblasts and examined the phosphoryl-
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Fic. 10. Effects of inhibitors on MIF-induced phosphorylation
of PHC and MAPK, Phosphorylation of PKCw/AII and MAPK in der-
mal fibroblasts induced by MIF wus examined in the presence of various
inhibitors against PKC and tyrosine kinases. ¢, MIF-induced PKC
phosphorylation was measured at 60 min in the presence or absence of
tyrosine kinase inhibitors, PP2, genistein, and herbimycin A, Western
blot analysis of the cell lysates (40 pg) was cerried out using s phogpho-
PKCo/BII antibody. Lane 1, control; lane 2, MIP 100 ng/ml; lane 3, MIF
100 ng/ml + PP2 10 pat; lune 4, MIF 100 ng/mi + genistein 100 um; lene
5, MIF 100 ng/ml + herbimycin A 10 uM. Western blot analysis for
B-actin is shown as a eontrel, b, MIF-induced MAPK phosphorylation
was evaluated at 60 min in the presence or absence of tyrosine kinase
inhibitors (genistein, herbimycin A), and PKC inhibitor GF108203X%.
Lane 1, control; lene 2, MIF 100 ng/ml; lone 3, MIF 100 ng/mi +
genistein 100 pm; lone 4, MIF 100 ng/ml + herbimycin A 10 unm; lane 5,
MIF 100 ng/ml +GF109203X 10 pat. Western blot analysis for S-actin is
shown as a control.

ation of PKC and MAPK induced by MIF (100 ng/ml) for 60
min. We found that the MIF-induced increase in the phospho-
rylation of PKC and MAPK was suppressed by transfection of
CSK plasmid, whereas CSK™ plasmid had no significant effect
(Fig. 11).

DNA Binding Activity of AP-1 in Response to MIF—By using
the AP-1 consensus oligonuclectide, the DNA binding activities
of AP-1 were examined after MIF stimulation (100 ng/m]). The
DNA binding activities of AP-1 were significantly up-regulated
for up to 120 min. The binding activity was significantly down-
regulated with the addition of an excessive amount of non-
labeled AP-1 oligonucleotide (100-fold) (Fig. 12).

DISCUSSION

The effects of sunlight have fascinated researchers for de-
cades because nearly every living organism on earth is likely to
be exposed to sunlight, including its ultraviolet (UV) fraction it.
Among sunlight’s detrimental long term effects is skin photo-
aging, which i3 a weli-documented consequence of exposure to
UVA and UVB radiation. Photoaged skin is biochemically char-
acterized by a predominance of abnormal elastic fibers in the
dermis and by a dramatic decrease in distinct collagen types.
MMPs are crucial factors involved in the connective tissue
remodeling accompanying ultraviolet radiation-induced skin
damage.

MIF functions as a pleiotropic cytokine by partieipating in
inflammation and immune responses. MIF was originally dis-
covered as a lymphokine involved in delayed hypersensitivity
and various macrophage functions, including phagoeytosis,
spreading, and cell growth activity (22-24). MIF was recently
reevaluated as a proinflammatory cytokine and pituitary-de-
rived hormone that potentiates endotoxemia (25), This protein
is ubiquitously expressed in various organs, including the skin,
brain, and kidney (27-33). In the skin, MIF is expressed in the
epiderntis, particularly in the basal layer (15).

Premature aging of the skin secondary to chronic exposure to
UV radiation is primarily due to qualitative and quantitative
changes in the dermal extracellular matrix, resulting in in-
creased fragility, reduced recoil capacity, blister formation, and
impaired wound healing. Interstitial collagens, the major
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Fii. 11. Effects of CSK and CSK™~ on MIF-induced phosphoryl-
ation of PEKC and MAPK. Phosphorylation of PKCa/8I1 and MAPK in
dermal fibroblasis by MIF for 60 min was examined by transfection of
CSK and CSK-™ plasmid. Western blot analysis of the cell lysates (40 pg)
was carried out using phospho-PKCo/BI1 and phosphoMAPK antibod-
ies. Lane 1, control; lane 2, MIF 100 ng/ml; lane 3, MIF 100 ng/m!
+C8K ", lane 4, MIF 100 ng/ml+ CSK. We performed Western blot
analysis for f-actin as a control,
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Fia. 12. EMSA of AP-1 binding activity by MIF stimulation.
Dermal fibroblasts were stimulated with MIF (100 ng/ml) at the indi-
cated times. Nuclear extracts were prepared, and the AP-1 DNA-hind-
ing activity was analyzed by EMSA. Lane I, free probe labeled AP-1
binding oligonucleotide without nuclear extracts; lane 2, MIF at 0 min;
lane 3, MIF at 60 min; lane 4, MIF at 120 min; lane 5, cold AP-1
oliganucleotide (100-fold excess).

structural components of the dermis, have been found to be
particularly diminished in actinically damaged skin. Although
there is a direct role for human dermal fibroblasts and an
indirect participation of epidermal keratinocytes in MMP-1
production after UVB irradiation, UVA irradiation is known to
reach the reticular dermis, rendering fibroblasts possible tar-
gets. Recent studies have shown that UV irradiation signifi-
cantly affects the coordinated regulation of various MMPs and
TIMPs (2). The expression of MMPs is regulated at a transerip-
tional level by various cytokines and other mediators in both a
positive and negative manner under certain physiological con-
ditions. Moreover, the enzyme activities of MMPs are post-
transcriptionally controlled by activation of latent proenzymes
as well as by interactions with their specific inhibitors, referred
to as TIMPs.

It has heen reported that the biosynthesis of MMP-1 is up-
regulated by 12-O-tetradecanoylphorbol-13-acetate (TPA), cy-
tokines, and growth factors such as (-1, TNF.q, IL-6, epider-
mal growth factor, and platelet-derived growth facter, in a
variety of cells, including fibrablasts. In contrast, transforming
growth factor-g, retinoic acid, and dexamethasone down-regu-
late MMP-1 (34). We have recently demonstrated that MIF
expression is significantly up-regulated by growth factors such
as TGF-# and PDGF (35). These findings indicate that the
mRENA of metalloproteinases may be precisely regulated
through a complex mechanism that includes both growth fac-
tors and cytokines. UVA irradiation of human dermal fibro-
blasts was found to elicit an increase in specific quantities of
mRNA and the bioactivities of the cytokines IL-1a and IL-18; it
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then induced interrelated IL-1 autocrine feedback loops, ulti-
mately leading to tissue degradation in photoaging. Singlet
oxygen is an early intermediate in the signaling pathway of
IL-1-mediating UVA induction of interstitial collagenase. IL-1a
and IL-1p may, at least in part, cause the imbalance between
MMPs and TIMPs, For example, there have been reports that
the generation of singlet oxygen and other reactive oxygen
species precedes the induction of IL-1 (36).

We have here demonstrated that UVA stimulation leads to a
significant increase in specific MIF mRNA and protein levels in
human dermal fibroblasts. This remarkable increase in MIF
sceurred by UIVA irradiation at intensities above 2 J/em® We
also found that IL-la and IL-18 up-regulate MIF (data not
shown). Furthermore, it was found that MIF has the potential
to stimulate IL-18 production. Constitutive collagenase synthe-
sis has been reported to be regulated by an IL-18 autocrine
mechanism (36). In this study, we demonstrated that anti-MIF
neutralizing antibody suppresses the expression of MMP-1 in-
duced by UVA. It is therefore possible that UVA irradiation
may stimulate MIF preduction by an autocrine loop of both
MIF and IL-1. MIF up-regulates MMP-1 mRNA as well as
protein levels and MMP-1 activity by zymography in dermal
fibreblasts. In contrast, TIMP-1 is slightly up-regulated by
MIF.

In the present study, we also demonstrated that protein
expression of MMP-13 is significantly decreased compared with
the levels in eontrol WT-mice after UVA irradiation (10 J/em?).
In the rodent, regulation of MMP-13 maost likely plays an im-
portant role in extracellular matrix degradation. These results
indicate that MIF-deficient skin especially fibroblasts produce
less MMP-13 after UVA irradiation. We therefore hypothesize
that MIF participates in the production of MMP-13 and is a
significant factor in the degradation of the extracellular matrix
in the dermis,

The molecular mechanisms of UV-induced MMPs have yet to
be defined. UV-induced expression of pro-inflammatory cyto-
kines such as IL-18 and TNF-a may also in part account for the
expression of MMPs. IL-18-induced expression of MMP-1 is
mediated by transactivation of the EGF receptor and through
an ERK pathway in human keratinoeytes. Collagenase synthe-
sis by fibroblasts and keratinocytes involves the PKC second-
messenger system, and corticosteroids have been shown to
suppress its synthesis at the level of gene transcription. Long-
wavelength UV light (UVA, 320—400 nm) stimulates the syn-
thesis of interstitial collagenase and increases PKC activity in
human skin fibroblasts in vitro. Ultraviclet irradiation acti-
vates growth factor and cytokine receptors on keratinocytes
and dermal cells, resulting in downstream signal transduction
through an activation of MAP kinase pathways. These signal-
ing pathways converge in the nucleus of cells to induce ¢-Jun,
which heterodimerizes with the constitutively expressed c-Fos
to form activated complexes of the transecription facter AP-1. In
the dermis and epidermis, AP-1 induces the expression of the
matrix metalloproteinases, such as collagenase, 92-kDa gela-
tinase, and stromelysin, which degrade collagen and other pro-
teins that comprise the dermal extracellular matrix. It has
been reported that MIF induces MMP-1 via tyrosine kinase-,
PKC-, and AP-1-dependent pathways in synovial fibroblasts in
patients with theumatoid arthritis (34). Consistent with this
finding, we showed that the DNA binding activity of AP-1 was
up-regulated by MIF stimulation. Furthermore, a JNK inhibi-
tor blocks the activation of ¢-Jun and has no effect on p38 and
MAPK activities (37, 38). In the present study, we cbzerved a
reduction in the MMP-1 mRNA level using a specific JNK
inhibitor. Therefore, it is conceivable that activation of c-Jun
plays an important role in the signal transduction pathway of

MIF Mediates MMP-1 Expression by UVA

MIF-induced MMP-1 expression.

Furthermore, we demonstrated that protein kinase C, raf,
and MAPK were phosphorylated, but p38 was not phosphoryl-
ated in the same manner. Activation of PEC is one of the
earliest events in the cascade leading to a variety of cellular
responses. There are multiple PKC isoforms, including classi-
cal PKCs (e, 81, BI1, and v), which bind caleium, diacylglycerol
{DAG) and phospholipids; novel PKCs (8, €, 1, and §), which are
regulated by DAG and phospholipids; and atypical PKGs: ¢ and
A, which lack calcium- or DAG-binding domains. Human der-
mal fibroblasts are known to express a, 5, €, and { isoforms of
PKC. Among them, PKC« i3 thought to be the dominant iso-
form in the fibroblasts (26). By MIF stimulation, we showed the
phosphorylation of PECe/gII and 5 occurred, but not that of
PECY/A, suggesting that activation of PKCa or § can play an
important role in MIF signal transduction. CSK has been re-
ported to phosphorylate the carboxyl tyrosine residues of Src
family tyrosine kinases and inhibit their funetions (17). Using
CS8K and a kinase-negative mutant of CSK (CSK™} in addition
to chemical inhibitors, phosphorylation of PKC and MAPK by
MIF stimulation was suppressed by CSK, genistein, and her-
bimycin A. These facts strongly suggest that PKC and MAPK
activation depends on activation of Src family tyrosine kinases,

In conclusion, MIF was found to be up-regulated by UVA
irradiation in association with IL-1 in human dermal fibro-
blasts. Upon MIF stimulation, PKC, Raf, and MAPK can be
activated in derma] fibroblasts, and up-regulation of the DNA-
binding activity of AP-1 might also take place. Clinically, it has
been reported that MIF is ciosely related to the exacerbation of
a variety of diseases, including autoimmune diseases, allergic
disease, and carcinogenesis. Hence, this newly identified mech-
anism may contribute to our understanding of photo-induced
dermal connective tissue damage, which results in photoaging.
These findings are promising for the potential of MIF inhibitors
for therapeutic use in patients with severe photodamage re-
lated disorders.
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Novel ALDH3A2 Heterozygous Mutations Are Associated with
Defective Lamellar Granule Formation in a Japanese Family of

Sjogren-Larsson Syndrome

To the Editor:

Sjogren-Larsson syndrome (SLS: MIM# 270200) is an au-
tosomal recessive disorder characterized by conhgenital
ichthyosis, mental retardation, and spastic paresis (Rizzo,
1993). Rizzo et al (1988} demonstrated that long-chain fatty
alcohol was deposited in cultured fibroblasts, white blood
celis, and serum in SLS patients, Later, De Laurenzi et al
(1996) reported that mutations in the fatty aldehyde de-
hydrogenase (FALDH) gene (ALDH3A2) were responsible for
the development of SLS. However, the exact pathomech-
anisms of this ichthyosis in SLS is not fully understood.
In this study, we report novel heterozygous mutations in
ALDH3AZ in a Japanese family with SLS. In this family, a
combination of heterozygous mutations is associated with
defective lamellar granules and abnormal intercellular lipid
in the stratum corneum.

Case 1. A 6-year-old girl with congenital ichthyosis,
mental retardation, and spastic paresis in both her lower
extremities, visited our clinic {(Fig 1A}. Physical examination
revealed xerosis and fine scales over her whole body, and
lamellar-shaped scales on her dorsal hands and feet. Her
lower extremities were hypertonic. Brain magnetic reso-
nance imaging (MRI} demonstrated a high-intensity area in
the postangular area of the left parietal lobe. Ophthalmo-
logic examiination was unremarkable.

Case 2: A 1-year-old boy, the younger brother of case 1,
was brought to our clinic suffering from congenital
ichthyosis, mental retardation, and spastic paresis on both
his lower extremities. Physical exarnination revealed brown-
colored pigmentation with mild to moderate hyperkerato-
sis on his neck, with fine, dark scales on the dorsal feet
{Fig 1B8). No other abnermalities, including ophthalmologic
problems, were observed.

To elucidate the genetic abnommality of the patients,
blood samples were collected from both patients and their
parents. All the experiments, skin biopsies and blood
sampling were performed with the parents’ written informed
consent and with the institutional approval of Hokkaido
University Graduate School of Medicine for experiments
handling human matter in accordance with Helsinki Princi-
ples. The ALDH3A2 gene was amplified by the methods
previously reported by Rizzo et af (1999). DNA sequencing
of all the PCR products was carried owt using a Genetic

Abbreviations: ALDH, aldehyde dehydrogenase; FALDH, fatty
.aldehyde dehydrogenase; SLS, Sjdgren-Larsson syndrome

Analyzer 310A automatic seguencer (Perkin-Elmer Life
Sciences-ABl, Foster City, California). In both children, we
detected a combination of heterozygous mutations in exon
4 and 7 (Fig 1C). The mutation in excn 4 (481delA} was
only present in their mother, and the mutation in exon 7

Paterval rautatien  Matecual mutation Ti63del
WS- 1030GTA 4b1delA

l FALDH 557 KPLALAVESHNNAL [ERMLIETSSCOVTGNY by
1Gy g Ratd oo

e EXLALYFFSARERVEREN LAN TR0V TANDY LY
LiAlGIAT Cias Al 16G)  Fumanl S ELMUWETRUIBRAITISSALG VIR 1
: Husan2 1.5 TFLAGWFIRI DAY S0AL 2y TV (Y
bl
[38) aLy pLz
Yoot Mather
TEIAIGIAT LTI Craal s
Hurmnd Wormal
Figure1

Clinlcal features and fatty aldehyde dehydrogenase (FALDH) gene
(ALDH3A2) mutations. (4) Low magnification clinical view of case 1.
Xerotic skin and fine scales over the entire body and spastic paresis on
both lower extremities. (B} High magnification clinical view of case 2.
Fine gray scales present on the dorsal feset. (C) Sequence analysis of
the ALDH3A2. A combination of heterozygous mutations derived from
their mother (481delA in exon 4) and father (1087-1089delGTA in exon
7) were detected. (D) A sequence alignment between the FALDH, rat
class 3 and human class 1 and class 2 ALDH showing the relative
locations of key residues in these enzymes. Strictly conserved residuss
are highlighted in red, while highly conserved residues are shown in
blue. Secondary structure components found in the class 3 rat ALDH
structure are presented in blus, bars represent a-helices and arrows
represent p-strands. (Modified from the paper by Liu et af, 1997.)

Copyright 4 2004 by The Society for Investigative Dermatology, Inc.
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Figure2

Morphological features of the patient's epidermis, {A) Histopathol-
ogy of ichthyotic skin lesion of case 1. Orthohyperkeratosis with mild
hypergranulosis was observed. (8) Ultrastructurally, at the stratum
granuiosum/stratum comeum interface, abnormal apparently empty
lamellar granules (white arrowheads) were seen in the granular cells and
lipid vacuoles {white arrows) were obssrved in the cornified cells. (C-£}
Vacuoles, presumably lipid droplets (white arrows) and irregulaty
shaped abnormal intercellular materials {black arrows) were apparent in
the stratum corneum layers. Scale bars =50 (A) and 0.3 pm (B-E).

(1087-1089delGTA) was only demonstrated in their father.
The presence of both these mutations was excluded in 100
alleles of 50 normal unrelated Japanese individuals.

Histopathological examination of the skin biopsy spec-
imens obtained from boilh cases revealed orthohyper-
keratosis with mild hypergranulosis (Fig 2A). Electron
microscopic examination of osmium tetroxide-fixed sam-
ples from the lesional skin of both patients, demonstrated
the abnormal iamellar granules lacking the normal lamellar
contents (Fig 28). Some of the defective tamellar granules
secreted their companents into the intercellulay space
in the stratum comeum. Irregularly shaped granular and
electron-lucent materials were also deposited in the dilated
intercellular space between -comeocytes (Fig 2C-E).
Variously sized empty vacuoles, presumably containing
electron lucent lipid, were also seen in the stratum corneum
(Fig 28, Q).

Immunofluorescent stafing for keratin 1, 10, loricrin, and
involucrin, performed as described previously (Akivama
et al, 1998), revealed that all of these molecules were nor-
mally distributed in the epidermis (data not shown). The
distribution pattern of a trans-Golgi network marker, TGN-46
and a lamellar granule component, cathepsin D {Ishida-
Yamamcto et al, 2004) were nommal, atthough immunofiuo-
rescent staining for glucosylceramides revealed an abnormal,
irregular or granular distribution of glucosylceramides in the
patients’ stratum corneum (data not shown).

THE JOURNAL OF INVESTIGATIVE DERMATOLOGY

Normal epidermal transglutaminase activity was con-
finmed in both patients by the in sty transghtaminase
activity assays previously described elsewhere (Hohl et a/,
1998; Raghunath et al, 1998; Aklyama et a/, 2001} (data not
shown).

FALDH is a microsomal NAD-dependent enzyme,
which is necessary for the oxidation of long-chain
aliphatic aldehydes to fatty acids (Kelson et al, 1997).
Until now, several mutations in ALDH3A2 have been shown
to be responsible for SLS around the world (Rizzo et al,
1899).

In our cases, a heterozygous combination of two novel
mutations has been identified. The matemal mutation 481-
delA in exon 4 resuited in a frame-shift leading to a stop
codon at codon 522, This premature transiation termination
eliminates the downstream 64% of ALDH3A2 coding se-
quences. The paternal mutation 1087-1089de!GTA in exon
7 resulted in a deletion of valine at position 363 of FALDH
protein. According to a comparison of 145 full-length
ALDH-related sequences by Perozich et al (1999), this
valine is highly conserved among many of the ALDH
family members, and participates in one of the ten most
conserved sequence motifs in ALDH. In addition, analysis of
the crystallized 3-D structure of the related class 3 rat
cytosolic ALDH reveaied that this valine is located at one of
the six parallels of B-strands, f11, comptising the catalytic
domain of the molecule (Fig 1D) (Liu et a/, 1997). These
findings strongly suggest that valine at position 363 is im-
portant for structural folding of the catalytic domain and are
therefore essential for the nomal function of the FALDM
protein. _

Previously, abnormal lamellar or membranous inclu-
sions in the comified cells were observed in the lesional
skin of a SLS patient, although causative genetic abnot-
malities were not known in that particular case (ito
et al, 1991}. The inclusions were speculated to be lamellar
granule-in-origin. Later, a deficiency in acyl-ceramides in
the lipid layer in the stratum corneum was also reported
in SLS patients (Paige et al, 1994). In addition to these
previous observations, we revealed that the maiformed
lamellar granule components were secreted into the
intercellular space, and irregular-shaped granular and efec-
tron-lucent materials were deposited in the inegularly
dilated intercellular space in stratum comeum. Immunoflu-
orescence siudies revealed an abnormal distribution
of glycosylceramide, a lamellar granule component, in the
patients’ stratum corneum. These cbservations together
suggest defective lamellar granule formation in these
patients.

Similarly, a large number of abnormal lamellar granules
assoclated with disturbed intercellular lamellar structures
were observed in ichthyotic skin in a patient with Dorfman-
Chanarin syndrome {Akiyama et a/, 2003). Furthermore,
in harlequin ichthyosis, lamellar granules are completely
absent or, if present, are not correctly secreted into the
intercellular space (Milner et al, 1992). Thus, the present
ultrastructural and immunofluorescence findings suggest
that formation of defective lameliar granule contents and
defective intercellular lipids, presumably related to the mu-
tations in ALDH3A2, may lead to the ichthyotic skin devel-
oped in SLS patients,
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Characterization of Kdap, a Protein Secreted by Keratinocytes

Shuichi Tsuchida,*' Makoto Bonkobara,*? James R. McMillan,t Masashi Akiyama,t Tatsuo Yudate,*t

Yoshinori Aragane,} Tadashi Tezuka,} Hiroshi Shimizu,t Ponciano D. Cruz Jr,* and Kiyoshi Ariizumi*
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Medicine, Osaka, Japan

Using a signal sequence-trap we identified a human gene encoding a polypeptide of 99 amino acids with a putative
signal sequence. The gene was identical to keratinocyte differentiation-associated protein (Kdap), which was
reported previously by Qomizu et af (Gene 256: 1927, 2000) to be expressed in embryeonal rat epidermis at the
mRNA level. In humans, we found Kdap mRNA expression to be restricted to epithelial tissue at high levels. The
12,5 kDa protein was detected in culture supernatant of keratinocytes and those transfected adenovirally with
the Kdap gene. In normal skin, Kdap protein was found exclusively within lamellar granules of granular keratino-
cytes and in the intercellular space of the stratum corneum, By contrast, in lesional skin of patients with psoriasis,
Kdap was expressed more widely throughout suprabasal keratinocytes. When induced to differentiate in vitro,
keratinocytes showed marked upregulation of Kdap mRNA expression similar to that of invelucrin mRNA, but with
differing kinetics. Finally, a spliced variant of Kdap mRNA was generated by alternative splicing mechanisms. Our
studies indicate that human Kdap resembles rat Kdap with respect to tissue and cell expression at the mRNA level
and that Kdap is a low-molecular-weight protein secreted by keratinocytes. Thus Kdap may serve as a soluble

regulator of keratinocyte differentiation.

Key words: alternative splicing/cDNA cloning/differentiation/keratinocyte/secreted protein

J Invest Dermatol 122:1225-1234, 2004

As the outermost layer of skin, the epidermis serves as an
interface between internal and external environments. It
consists overwhelmingly of keratinocytes, which originate
from stem cells and transiently amplifying cells in the basal
layers, which in turn proliferate and differentiate first into
spinous keratinocytes and then into granular keratinocytes
(Watt, 2000). The latter cells’ distal outer and inner cell
membranes correspond, respectively, to lipid and protein
envelopes that together form the cornified cell envelope
(CCE). The protein envelope consists of an insoluble
complex of proteins cross-linked by transglutaminase
(TGase) to structural proteins such as involucrin and toricrin,
whereas the lipid envelope consists of a monomolecular
layer of e-hydroxyceramides, covalently linked by ester
bonds to the protein envelope (Kalinin et al, 2001).

The CCE a mechanical barrier that can forestall entry
through the skin of infectious microbes, mutagenic ultra-
violet radiation, noxious chemicals, and other injurious
agents. Recent studies also suggest that it may play an
active role in innate immunity. Molecular cloning and protein
analyses have identified several secrsted proteins of low
molecular weight within the CCE (e.g.,, SKALP/elafin;

Abbreviations: CCE, cornified cell envelope; Kdap, keratinocyte
differentiation-associated protein; PBS, phosphate-buffered saline
. Present address: Department of Biology, University of Nippon
Veterinary and Animal Science, Tokyo, Japan. o

ZPresent acddress: Department of Veterinary Clinical Pathclogy,
University of Nippon Veterinary and Animal Science, Tokyo, Japan.

cystatins) (Steinert and Marekov, 1995; Ishida-yamamoto
and lizuka, 1998; Schalkwik et al, 1999), and functional
studies have shown that many of these proteins exert
proteinase inhibitor activity that may curtail micrebial
growth and/or dampen inflammation (Molhuizen and
Schalkwijk, 1995).

Despite recent recognition of CCE components and
elucidation of their functions, it is likely that several
important components of the CCE remain undiscovered.
The identification and elucidation of their function should
improve our understanding of CCE. Hypothesizing that
some of these novel CCE proteins are secreted and
keratinocyte-specific proteins (e.g., involucrin, filagrin, and
loricrin), we employed a previously established signal
sequence (SS)-trap method (Tashiro et al, 1993} to isolate
§8-coding genes from a human keratinocyte ¢cDNA library
because the N-terminal SS is unique to precursors of
secreted and membrane-anchored proteins. SS-trapped
cDNA clones were then screened for keratinocyte-specific
genes using differential colony hybridization (keratinocytes
vs dermal fibroblasts). Our efforts vielded several novel
genes including one encoding a precursor of a secreted,
low-molecular-weight protein expressed selectively in nor-
mal human epidermis by granular keratinocytes. Subse-
quent analyses have revealed the gene to be identical to
keratinocyte differentiation-associated protein {Kdap), iso-
lated by Oomizu et al (2000).

OComizu et af identified Kdap using subtractive cDNA
cloning of rat embryo skin at 14 vs 17 d of gestation. They

Copyright © 2004 by The Socisty for Investigative Dermatology, (ns.
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