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Barrier activity of skin and internal barrier-forming epithelial
linings are conferred by a lipid-corneocyte structure (stratum
corneum in skin).The integrity of the corneocytes depends on the
outer cornified envelope and is essential for maintenance of barrier
function. During epidermal development and differentiation, pro-
teins are sequentially incorporated into the envelope via action of
epidermal transglutaminases in a well documented process. How-
ever, recent knockouts of major cornified envelope constituents
have failed to disrupt barrier function significantly, suggesting that
additional unidentified components are involved. We report a new
gene cluster in the epidermal differentiation complex at human
1921 encoding a family of 18 proteins that are substrates for
epidermal transglutaminases. These proteins incorporate into the
cornified envelope late in development and late in the process of
envelope maturation during epidermal differentiation. The genes
cluster within the epidermal differentiation complex according to
expression pattern, i.e., epidermally expressed proteins cluster
together while proteins from internal barrier-forming epithelia
also cluster. We propose that these proteins modulate barrier
activity over the surface of the animal, in a manner analogous to
that proposed for the well characterized cornified envelope pre-
cursors, the small proline-rich proteins. To emphasize the incorpo-
ration of these proteins late in envelope assembly, we call the
human proteins late envelope proteins.

pidermis provides a barrier to the external environment, an

essential component of which is the keratinocyte cornified
envelope. Epidermal keratinocytes undergo terminal differen-
tiation involving keratin aggregation, nuclear degradation, and
replacement of the plasma membrane with a tough, insoluble
proteinaceous envelope that is cross-linked to extracellular lipid
providing barrier function (reviewed in ref. 1). Cornified enve-
lope assembly is well documented (2); however, recent knockout
reports show that protein components previously considered
integral are dispensable (3, 4), raising the possibility that addi-
tional proteins contribute to the envelope.

Models for cornified envelope structure and assembly have
been proposed whereby the structural proteins involucrin, en-
voplakin, and periplakin are sequentially cross-linked to form an
initial scaffold (2, 5, 6). Incorporation is catalyzed by epidermal
transglutaminases (TGases) that promote formation of disulphide
and (y-glutamyl)lysine isopeptide bonds (reviewed in ref. 1). Sub-
sequently, proteins such as loricrin, elafin, S100, and small proline-
rich region proteins (SPRRs) are added to form a mature envelope.

SPRRs are a family of proteins that are substrates for TGase-
mediated cross-linking of structural proteins into the cornified
envelope (reviewed in refs. 1 and 7).The SPRR family comprises
four groups that are differentially expressed in barrier-providing
epithelia. Differential expression of SPRR proteins may modu-
late barrier activity over the surface of the animal (refs. 8-10 and
references within) through modulation of envelope biomechani-
cal properties (11). In addition, expression of some SPRR
members is responsive to environmental stimuli [e.g., UV light,
phorbol 12-myristate 13-acetate (PMA), cigarette smoke; re-
viewed in refs. 1 and 7], suggesting a role in modulating barrier
response to environmental insult, reinforcing the notion that
these proteins affect barrier quality.

www.pnas.org/cgi/doi/10.1073/pnas.231489198

There have been persistent reports of additional genes/
proteins with structures homologous to cornified envelope pro-
teins. These include XP5, XP31, XP32 (12), the newly identified
component of the EDC (NICE-1; ref. 13), protein products of a
range of annotated expressed sequence tags (ESTs; ref. 14), and
Eig3 protein (15). We show that at least some of these proteins
are encoded by a previously undetected gene cluster in the
human epidermal differentiation complex (EDC) at 1q21 (16),
with homologues detected in mouse (12, 14, 16). We show that
these genes encode proteins, which are new cornified envelope
constituents distinct from SPRRs. Like SPRRs, the genes are
differentially expressed in different types of barrier epithelia.
The human genes form subclusters on the chromosome associ-
ated with expression in either epidermal or internal epithelia.

These proteins are induced during keratinocyte terminal
differentiation and relocate to the envelope very late in terminal
differentiation where they are substrates for TGase-mediated
envelope incorporation. During epidermal terminal differenti-
ation, the proteins locate to the envelope much later than
loricrin, among the last proteins to be incorporated (1). During
development, the genes are expressed after SPRR, previously
shown to be the last known structural envelope gene induced
during fetal barrier formation (17).These proteins are detected
only after assembly of the cornified envelope is advanced and
after first barrier acquisition. Hence, we call the new family
members late envelope proteins (LEPs) and propose that LEPs
link to cornified envelope proteins and mediate differences in
barrier quality, perhaps through interaction with cytoplasmic
components of the cornified cell.

Materials and Methods

Animals and Cells. Time-mated ICR strain fetuses were generated
under U.K. Home Office License 40/1566, as described (17).
Normal human epidermal keratinocytes from neonatal foreskin
were cultured in KGM media (BioWhittaker). Cells were main-
tained and transfected (Lipofectamine Plus, Invitrogen) in the
presence of low calcium (0.09 mM), and terminal differentiation
was induced by raising calcium to 1.5 mM.

DNA Analysis. LM.A.G.E. ESTs (18) were from the U.K. Human
Genome Mapping Project Resource Centre (HGMP-RC),
and sequence was analyzed using BIOLOGY WORKBENCH soft-
ware (San Diego Supercomputer Centre). An LEP-glutathione
S-transferase (GST) fusion protein, comprising most of the
coding sequence (amino acids 2-131 of the 134-residue protein)
of a murine Group 1 LEP homologue (2310037L11Rik; Table 1),
was generated by using standard techniques (19). The primers
5'-GCGGGATCCCAGCAAAGCCAACAGCAGTG-3" and

Abbreviations: EDC, epidermal differentiation complex; EST, expressed sequence tags; ISH,
in situ hybridization; LEP, late envelope proteins; NICE-1, newly identified component of
the EDC; SPRR, small proline-rich region protein; TGase, transglutaminase; GST, glutathi-
one S-transferase; En, embryonic day n.
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Table 1. Relationship between murine LEP gene expression and human genes

Gene symbol (14)

(murine) GenBank/TIGR accession no. I.M.A.G.E. ID (18) SPRR-like name (15) Murine expression Human LEP group
1110058A15Rik NMO025413/A1604448 1228375 — Epidermal
1110029C13Rik TC146632 2135373 SPRR-1 5 Epidermal
2130069N01Rik NMO029667 318311 — Epidermal
1110031B11Rik AA792425 1151518 — Epidermal Group 1 (LEP 1-6)
— W18229 333214 SPRR-1 8 ND
2310037L11Rik TC146634 482882 SPRR-1 7 Epidermal
1110029C13Rik AA061750 483600 SPRR-1 4 ND
1110008K04Rik W40830 351941 — ND
2310066F03Rik W82736 404039 — ND Gr::g’igfp 78
1110019L16Rik TC153554 1884947 SPRR-1 10 Undetected
— TC143173 330044 SPRR-1 6 ND
1110004E04Rik TC108289 1023461 SPRR-I 2 ND Group 3 (LEP
2310003A15Rik TC108553 1150992 SPRR-I 3 ND 9-12)
2310020L01Rik TC139332 481703 SPRR-1 9 ND
2300007B01Rik W37034/AF176515 334939 SPRR-1 1/Eig3 Internal Group 4 (LEP
2310002A05Rik AK009081 480989 — Internal 13-17)

ND, not determined; I.M.A.G.E., integrated molecular analysis of genomes and their expression; TIGR, the Institute for Genomic Research.

5'-GCGGAATTCCGTCCCCAGACTGTTGGCTAC-3" were
used and cloned in-frame in pGEX-4T2 vector (Amersham
Pharmacia). SPRR1a fusion protein was generated by using
primers 5'-GCG GGA ATT CCG AGT TCC CAC CAG CAG
AAG-3' and 5'-GCG GCT CGA GCC TTC TGC TTT GTC
TTC TGC TG-3'. pGEX-4T2-BcIX2 and pGEX-4T2-Fak C
terminus were donated by A. Gilmore (Univ. of Manchester).
Flag-fusion proteins were cloned into p3xFlag-CMV-10/14
(Sigma). DNA was checked for PCR errors by sequencing.
Human LEP expression was detected by reverse transcription—
PCR, using gene-specific primer pairs (see Table 2, which is
published as supporting information on the PNAS web site,
www.pnas.org) to amplify human RNA from adult heart, skin
(external epithelium, Stratagene), and esophagus (internal epi-
thelium; GenPak, New Milton, U.K.). cDNAs were tested for
genomic contamination (19).

Ab Production and Immunohistochemistry. Polyclonal Ab was raised
in New Zealand white rabbits. Serum was affinity-purified
against fusion protein by using the Sulfolink Affinity Purification
kit (Pierce), tested by Western analysis on epidermal protein
extracts, and immunohistochemistry was performed on whole
fetal tissue slices. Immunohistochemistry was performed on 5
um paraffin sections, 5-10 um frozen sections, or acetone-fixed
cells on chamber slides. Ab complexes were detected by silver-
staining (AuroProbe/Intense kits, Amersham Pharmacia) or
with fluorescein-conjugated secondary Abs, then counter-
stained with hematoxylin or Hoechst 33342 (Sigma). Loricrin
and K14 Abs were from Babco (Richmond, CA). Cornified
envelopes from late gestation epidermis [embryonic day (E)
17-18] were isolated by repeated sonication and boiling in
extraction buffer (50 mM TrissHCI, pH 8.8/1 mM EDTA/10
mM DTT/2% SDS), collected by centrifugation (14,000 X g),
then washed 3—4 times in extraction buffer. Immunolabeling was
performed by washing and blocking envelopes in 1% BSA in
Tris-buffered saline/1% Tween 20 for 4 h at 4°C. Primary and
secondary Ab incubations were performed overnight at 4°C in
blocking buffer. Envelopes were collected by centrifugation
(14,000 X g) between each step, embedded in Agarl00 resin
(Agar Scientific, Essex, U.K.), and processed for standard trans-
mission electron microscopy.
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TGase assay was as described (20) using GST fusion proteins
as substrates. LEP-GST and SPRR1a-GST were tested as TGase
substrates, and Fak-GST, Bcl2-GST, and GST alone were neg-
ative controls. Monodansylcadaverine, a known TGase sub-
strate, was a positive control (20). Frozen sections (5 um) of fresh
mouse footpad epidermis were used. After the TGase reaction,
sections were washed extensively, and bound GST fusion protein
was detected with anti-GST Ab (Amersham Pharmacia) and
fluorescein-conjugated secondary Ab (Jackson ImmunoResearch).
For some experiments, washing steps included a 15-min wash at
65°C with 1% SDS before immunological detection.

Riboprobes and in Situ Hybridization (ISH). ESTs corresponding to
murine SPRRIa cDNA (GenBank accession no. AA1726615)
and murine LEP cDNAs (see Table 1 for accession nos. used in
ISH) were obtained from the U.K. Human Genome Mapping
Project Resource Centre and sequenced to confirm identity and
orientation. Riboprobe generation and whole-mount ISH (21)
were carried out at high stringency by using both full-length and
3'-specific probes. Stringency of the technique is demonstrated by
the fact that full-length (coding sequence-containing) murine LEP
(1110019L16Rik, Group 2 homologue) with 82-89% homology in
the coding domain to murine Group 1 skin members cannot be
detected in skin. Presence of hybridization in skin was confirmed
with 3’ untranslated region-specific probes for skin LEPs.

Results

Identification of Barrier Markers. We recently showed that
SPRRI1a/b are molecular markers for barrier induction in inter-
nal keratinizing epithelia, expressing just before barrier forma-
tion in the same pattern (17). However, SPRRI gene expression
is undetectable in epidermis, apart from follicles (Fig. 14),
consistent with previous reports (22). While searching the
sequence databases for an analogous epidermal barrier marker,
we found a group of related murine ESTs (Table 1, Group 1),
many deriving from a skin cDNA library (Stratagene). Whole-
mount ISH with these ESTs showed that they express in fetal
epidermis in a pattern analogous to SPRRI genes in oral
epithelia (Fig. 1 B and C), i.e., are expressed just before barrier
formation in the epidermal barrier formation pattern (Fig. 1D;
ref. 17). Hence, we had found markers for epidermal barrier
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Fig. 1.

(A) SPRR1 is not detected in epidermis by ISH, except for whisker follicles. Later, it is expressed in the pelage hair follicles. (B and C) In contrast, LEP Group

1genes (Table 1) are expressed abundantly in fetal epidermis (left to right, increasing gestational age) before barrier formation and in the fetal barrier formation
pattern (D). Arrows show the direction of “fronts" of LEP gene expression, then barrier formation, that appear to cross fetal skin. Asterisks show “initiation sites"
where change is first detected. Emerging barrier excludes hybridization probes and prevents detection of gene expression (C). LEP expression pattern is
reminiscent of SPRR1a/b in internal epithelia (12). (E) ISH of age-matched tongues showing abundant SPRR1a/b expression, barrier assay, and expression of an
oral (Group 4) LEP by ISH (2300007B01Rik, Table 1). Emerging barrier is apparent in the central area where dyes and ISH probes are excluded. LEP expression
precedes barrier formation andisin the barrier pattern but appears later than SPRR. (F) Direct demonstration that LEP expression follows SPRR expression insingle

tongues cut sagittally before ISH. SPRR is abundantly expressed (left), whereas LEP expression lags (right).

formation with apparent expression similarities to SPRR genes.
Expression of the new epidermal genes was undetectable in oral
epithelia by using ISH, i.e., they show an opposite expression
pattern to SPRR1a/b, which are abundant in oral epithelia and
excluded from epidermis. The genes predict proteins of similar
size to SPRR proteins, with sequence similarity to SPRRs and
loricrin, thus our initial hypothesis was that they were epidermal
equivalents of SPRR1a/b.

However, further searches revealed closely related homology
groups deriving largely from rodent tongue and forestomach
libraries (ref. 14; Table 1), which include homologues to human
XP5 (12) and the recently reported murine Eig3 (15). Whole-
mount expression analysis confirms that the ESTs from internal
libraries are expressed prominently in internal stratified kera-
tinizing epithelia and are at very low levels, or undetectable, in
epidermis (Fig. 1F).

These internal ESTs coexpress with SPRRIa /b in oral epithe-
lia. We show that the new ESTs are expressed later than SPRR
genes during development and just before fetal barrier induction
(Fig. 1F). Hence, the new group of genes must encode proteins
distinct from SPRR proteins, as suggested for Eig3 (15). Based
on homology with known envelope proteins (loricrin, involucrin,
and SPRR), it is probable that the new proteins are components
of the cornified envelope (12, 14, 15). These new genes are very
abundant in skin libraries, indicating that the encoded proteins
are major products of differentiating keratinocytes and their
presence in skin was confirmed with 3’ untranslated region
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probes. Furthermore, their expression indicates that they are not
needed until very late in envelope assembly.

Human LEP Genes. Analysis of the human genome revealed human
homologues of these genes in the EDC clustered around XP5 on
the telomeric side of the IVL/SPRR/LOR group near NICE-1
(Fig. 24). We detect distinct cDNAs for 18 predicted genes and
there are, additionally, 4 pseudogenes (Figs. 2B and 7, which is
published as supporting information on the PNAS web site,
www.pnas.org). Because the genes encode probable cornified
envelope constituents and are not expressed until very late
during fetal barrier development, we propose naming the human
predicted proteins as LEPs, and have named the human genes
sequentially as LEP 1-18 (excluding the 4 pseudogenes). Other
authors have recently given a subset of the murine homologues
multiple alternative names (Table 1; refs. 14 and 15).

Human LEPs fall into distinct structural groups (Fig. 8, which
is published as supporting information on the PNAS web site),
and genes encoding structurally similar proteins cluster on the
genome. Interestingly, each group has distinct amino acid se-
quences (Fig. 8) that may confer distinct properties on the protein.

Comparison with mouse LEPs shows that Group 1, comprising
LEP 1-6, corresponds structurally with mouse genes expressed
predominantly in epidermis (Table 1). Group 2 comprises LEP7,
-8, and -18 and is structurally the least homogenous group, as
well as being scattered on the chromosome. Group 3 comprises
LEP 9-12 and includes XP5 (corresponding to LEP10). Group 4,
comprising LEP 13-17, corresponds with the mouse genes ex-
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Fig. 2. (A) Distribution of human LEP genes (white bar) in the EDC (1921). (B) Fine location of LEP genes (white boxes) and NICE-1. Arrows show direction of

transcription and "’p" indicates pseudogenes. XP5 is LEP10 and 10c84648 is LEP 16. IVL, involucrin; LOR, loricrin; other abbreviations are as described (National
Center for Biotechnology Information). Human LEP coding sequence and protein are compared in Table 2 and Figs. 7 and 8. The proteins fall into four structural
groups, and group-specific regions are shaded. There is little homology with NICE-1. (C) Reverse transcription—PCR analysis of human LEP shows gene
location/expression pattern relationship. LEPT and -2 (Group 1), LEP11 (Group 3), LEP14,-15, and -17 (Group 4) expression is shown, and remaining LEP expression
is in Table 2. H, heart; S, skin (external epithelium); and E, esophagus (internal epithelium).

pressed most prominently in internal epithelia, including Eig3
(15). Hence, based on homology with mouse genes and murine
expression patterns, it is predicted that epidermal expression will
be most prominent in Group 1 and internal gene expression most
common in Group 4.

The predicted relationship between human LEP gene struc-
tural grouping and expression was tested by reverse transcription
(RT)-PCR in skin (as an example of external epithelium) and
esophagus (internal epithelium) (Fig. 2C; Table 2). Group 1
members LEP 1-5 are strongly skin-specific, as predicted (Fig.
2C). LEP 6 (on the most telomeric side of the Group 1 cluster)
also has prominent expression in skin, but low level expression
is detected in internal epithelia by RT-PCR. Expression of
Group 2 members (LEP7, -8, -18) is variable. Group 3 members
(including XP5-LEP10) express strongly in skin, as has been
reported for XP5 (12). As predicted, members of Group 4, in
particular LEPI4 and -15, are expressed strongly in internal
epithelia, with LEPI4 and -15 expressing exclusively in internal
epithelia. LEP17 seems to have lost tissue specificity and is
detected in all tissues tested (Fig. 2C, data not shown).

LEP Genes Are Induced After Calcium-Mediated Differentiation and
Late in Differentiation, LEP Associates with the Cell Periphery. After
calcium-induced terminal differentiation of keratinocytes, there
is sequential induction of differentiation markers (23). First
keratins 1 and 10, then precursors of the cornified envelope,
envoplakin and involucrin, are synthesized, followed by SPRRS,
loricrin, and filaggrin (2, 23, 24).

We tested the behavior of LEP protein during calcium-
induced differentiation by preparing an affinity-purified Ab to a
murine representative of the Group 1 LEPs (2310037L11Rik,
Table 1). The Ab is specific to epidermally expressed LEP
members as it does not detect protein in internal epithelia (see
below). LEP protein production in culture is absolutely calcium-
dependent and after calcium-induction of keratinocytes, LEPs
are detected and form intracellular aggregates (Fig. 3 4, C, and
D). LEP protein, although abundant in keratinocytes, does not
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colabel with the cornified cells until 4-5 days after calcium
induction (Fig. 3H), well after loricrin labels these large cornified
cells at days 3—4 (Fig. 3G). The calcium-dependent appearance
of endogenous LEPs in culture is the result of gene induction, as
transfected FLAG-tagged proteins expressed under the cyto-
megalovirus promoter are readily detected before calcium in-
duction, where they form similar perinuclear aggregates until
after calcium induction (data not shown).

We showed previously that loricrin relocation to the envelope
correlates closely with the initial stage of barrier formation
during development (25). During development, transcription of
LEP genes is delayed until just before initial formation of barrier

A LEP|B LorlC LEP
day 0 day 0
D LEPIE Lor|F
day2 day 2
G 1H EEP
day 4

Fig. 3. (A and B) Before calcium-induction (day 0) neither LEP nor loricrin
(Lor) is detected. (Cand D) LEP gene is induced by calcium, and perinuclear LEP
aggregates are abundant 1 and 2 days after calcium induction. (E) One and
two days after calcium induction, Lor appears in aggregates. (F) By 3 days LEP
is still cellular, although appears associated with filaments. In contrast, Lor (G)
has started to associate with the differentiated squames (adherent cornified
cells) by day 3. However, LEP does not associate with squames until day 4 (H).
[Bar =5 um.]
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Fig. 4. (A) LEP-GST protein is cross-linked into the upper spinous/granular
layer of epidermis at the cell periphery (B). SPRR1a-GST (C) and monodan-
sylcadaverine (MDC) (D) are also cross-linked; however, GST alone (E) or
additional fusion proteins including BcIX-GST (F) or Fak-GST (not shown) are
ineffective substrates. [Bar = 10 um.]

(Fig. 1), i.e., LEP genes are probably one of the last genes
transcribed before nuclear degradation in the granular cell. We
use the new Ab to show that LEP protein cannot be detected in
fetal epidermis until well after initiation of barrier formation and
associated relocation of loricrin to the membrane (E17, data not
shown). This finding is consistent with the culture results and
suggests that the protein is important for maturation of the
cornified envelope or the squame.

LEP Proteins Are TGase Substrates. LEP members contain structural
similarities to known cornified envelope precursors such as SPRR1
and loricrin, including characteristic N-terminal glutamine residues
which are major sites for TGase-mediated cross-linking in SPRRs
(10, 15, 26). This similarity strongly suggests that LEP members are
TGase substrates. To test this idea, we used an in sifu assay for
epidermal TGase activity (20) to find whether a typical Group 1
epidermal LEP member (2310037L11Rik, Table 1) could provide
a substrate for TGase incorporation into epidermis. We show (Fig.
4 A-C) that both LEP and SPRR sequences stimulate incorpora-
tion of a GST tag into the murine epidermal envelope, as does a
known TGase substrate monodansylcadaverine (ref. 20; Fig. 4D),
whereas control fusion proteins (GST alone, BcIX-GST; Fig. 4 E
and F) are ineffective. Incorporation occurs at the cell periphery,
spatially consistent with incorporation into the envelope. Incorpo-
rated protein is also resistant to heat and detergent treatment,
consistent with covalent cross-linking into the envelope. Because
epidermal TGases are strictly calcium-dependent (1), EDTA was
substituted for calcium, resulting in failure to incorporate (data not
shown).

LEP Proteins Are Structural Components of Mature Cornified Enve-
lopes. To substantiate epithelial tissue specificity of LEP mem-
bers, whole-body sections from late gestation fetuses (E18, just
before birth) were scanned by immunohistochemistry, showing
that anti-LEP activity was confined to the epidermis and nasal
epithelium (data not shown). Within the epidermis, the anti-LEP
activity was associated with the upper granular layer of skin (Fig.
5A), consistent with a role in formation of the cornified envelope
late in differentiation. The anti-LEP Ab does not recognize
protein in oral epithelia (Fig. 5D), demonstrating lack of cross-
reaction to the Group 4 LEPs or SPRRI1 proteins (Fig. 1).

Marshall et al.

Fig. 5. (A) Expression of an LEP protein in mouse epidermis in the upper
granular layer. (B and C) Control sections showing loricrin (B) and K14 (C). (D)
Dorsal tongue section showing that LEP Ab does not crossreact with the orally
expressed Group 4 LEPs or SPRRs; however, (E) loricrin is readily detected.
[Bar = 20 um.]

Immunoelectron microscopy of envelopes isolated from E17—
E18 skin shows that LEP associates strongly with the envelope
(Fig. 64) as do known envelope proteins loricrin and involucrin
(Fig. 6 B and C). In contrast, Abs to abundant nonenvelope
epidermal proteins K14 (Fig. 6D) and desmocollin 3 (data not
shown) do not label the envelope, demonstrating specificity of
LEP association.

Discussion

In this work, we show that XP5 is one member of a family of
human proteins we name LEPs that are major cornified enve-
lope components in barrier-forming epithelia. The proteins are
produced very late during envelope assembly. Of the LEP genes,
18 cluster within the EDC at 1q21 in human, and one of these
genes, XP5, has been identified (12). Murine Eig3 (15) is most
homologous to human LEPI3 and -14, which are expressed
predominantly in internal epithelia. Human NICE-1 (13), lo-
cated at the edge of the cluster, is least homologous and,
therefore, probably not a member of the group.

LORICRIN

_— [

Fig. 6. (A) Immunolabeling of isolated cornified envelopes demonstrates
that LEP is a structural envelope component labeling isolated envelopes. (B)
Loricrin, labels with similar abundance to LEPs. (C) Involucrin, one of the first
proteins to be incorporated, localizes further toward the inner envelope face.
(D) K14, a very abundant epidermal protein, shows no association with the
cornified envelope, nor is there background labeling when primary Ab is
omitted (E). [Bar = 150 nm.]
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Within the EDC, structurally similar and coexpressed LEP genes
form subclusters. This clustering could derive from evolution
through gene duplication or could reflect coregulation, i.e., there
could be an epidermal enhancer at the centromeric end of the LEP
cluster and/or an internal epithelial enhancer at the telomeric end.
Locus control regions in the EDC have been suggested (12, 16).

Itis possible that differential expression of multiple LEP genes
modulates barrier quality over the animal surface, as has been
proposed for SPRR members. Cabral er al. (9) proposed that
SPRR genes encode structurally homologous products which
differ primarily in their regulatory regions. Hence, multiple
genes permit a wide repertoire of regulatory responses resulting
in differences in effective protein dosage and associated barrier
quality. This increased capacity for modulating regulatory re-
sponses would permit subtle changes in barrier quality in re-
sponse to environmental stimuli (9). A similar argument could
account for multiple LEP genes. However, the alternative the-
ory, that specific features of LEP group proteins confer distinct
roles, is also tenable, and distinguishing between the two pro-
posals depends on further experimentation.

XP5 and LEP are similar to known cornified envelope con-
stituents loricrin, SPRRs, involucrin, and NICE-1 (12, 13, 15).
The LEP N terminus resembles that of all of the above proteins
and contains glutamine residues, identified in loricrin and
SPRRs, as key sites for TGase activity (26—29). LEPs contain
proline/lysine/cysteine (PKC) repeats in the N-terminal half, a
feature of SPRRs, followed by serine/glycine/cysteine-rich re-
gions (SGC), characteristic of loricrin. Family members differ
with respect to the number of PKC and SGC repeats. An extreme
example is the murine gene most similar to human LEP 18
(1110019L16Rik, Table 1), which is abnormally long as a result
of extensively expanded SGC repeats. There is no human gene
with these extended repeats, raising the possibility that the
number of repeats confers no particular functional consequence.

The first member of this group of proteins, XP5, was detected by
selection-cloning from a skin library with an EDC yeast artificial
chromosome (YAG; ref. 12). Zhao and Elder (12) showed that XP5
expresses in skin but is absent from cultured keratinocytes. NICE-1,
isolated from a screen of EDC members by using a calcium-induced
keratinocyte library, is detected in cultured keratinocytes but not
significantly in epidermis (13), suggesting that cultured keratino-
cytes undergo a variant form of skin differentiation. However,
structurally, NICE-1 is distant from the LEP/XP5 group. Neither
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XP5 nor filaggrin transcripts were detected in this latter screen,
suggesting that late differentiation markers were not induced in
their library, consistent with our finding that LEP/XP5 members
are not detected until very late in terminal differentiation of
calcium-induced keratinocytes. NICE-1 function remains un-
known; however, it has structural similarities to other TGase
substrates, mouse homologues, and is probably another new cor-
nified envelope constituent (13).

Eig3 is a murine member of the LEP group, detected by using
the rapid analysis of gene expression technique to identify genes
up-regulated in transgenic mice overexpressing E2F1 under the
control of the basal keratinocyte-specific K5 promoter (15). Eig3
is strongly expressed in internal epithelia (forestomach), consis-
tent with detection in internal epithelia in this work. Wang et al.
(15) report weak skin expression; however, this may represent
crossreaction to other family members, as skin expression is not
detected here.

During development, barrier activity is acquired in steps or
stages (25). Barrier activity is first detected at E16.5 of mouse
development, determined by both colorimetric assays that mea-
sure the first stage in barrier formation and quantitative mea-
surements of transepidermal water loss (TEWL). The TEWL
assay shows that most barrier activity is acquired at E16.5 (25),
whereas evaporimeter studies demonstrate that barrier activity
continues to improve up to and beyond birth. There is a poor
molecular appreciation of late changes during fetal barrier
formation. We show here that LEP gene expression occurs after
expression of other known cornified envelope proteins and very
close to first acquisition of fetal barrier function. However, LEP
protein is detected only after barrier formation has initiated.
Mature filaggrin, a keratin filament-aggregating protein that
forms the matrix of cornified cells or squames (30), is also
detectable only after initial barrier formation (25). Filaggrin is
also a minor cornified envelope component (31), showing that
protein incorporation into the envelope continues after initial
barrier formation. Because both proteins appear late during
barrier development, an intriguing possibility is that LEPs play
arole in envelope—matrix interaction during squame maturation.
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