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Identification of Human Epidermal Differentiation
Complex (EDC)-Encoded Genes by Subtractive
Hybridization of Entire YACs to a Gridded
Keratinocyte cDNA Library
Ingo Marenholz,1 Maja Zirra,1 David F. Fischer,2,4 Claude Backendorf,2

Andreas Ziegler,1,5 and Dietmar Mischke1,3

1Institut für Immungenetik, Universitätsklinikum Charité der Humboldt-Universität zu Berlin, 14050 Berlin, Germany;
2Laboratory of Molecular Genetics, Institute of Chemistry, Leiden University, 2300RA Leiden, The Netherlands

The epidermal differentiation complex (EDC) comprises a large number of genes that are of crucial importance
for the maturation of the human epidermis. So far, 27 genes of 3 related families encoding structural as well as
regulatory proteins have been mapped within a 2-Mb region on chromosome 1q21. Here we report on the
identification of 10 additional EDC genes by a powerful subtractive hybridization method using entire YACs
(950 e 2 and 986 e 10) to screen a gridded human keratinocyte cDNA library. Localization of the detected
cDNA clones has been established on a long-range restriction map covering more than 5 Mb of this genomic
region. The genes encode cytoskeletal tropomyosin TM30nm (TPM3), HS1-binding protein Hax-1 (HAX1),
RNA-specific adenosine deaminase (ADAR1), the 34/67-kD laminin receptor (LAMRL6), and the 26S proteasome
subunit p31 (PSMD8L), as well as five hitherto uncharacterized proteins (NICE-1, NICE-2, NICE-3, NICE-4, and
NICE-5). The nucleotide sequences and putative ORFs of the EDC genes identified here revealed no homology
with any of the established EDC gene families. Whereas database searches revealed that NICE-3, NICE-4, and
NICE-5 were expressed in many tissues, no EST or gene-specific sequence was found for NICE-2. Expression of
NICE-1 was up-regulated in differentiated keratinocytes, pointing to its relevance for the terminal differentiation
of the epidermis. The newly identified EDC genes are likely to provide further insights into epidermal
differentiation and they are potential candidates to be involved in skin diseases and carcinogenesis that are
associated with this region of chromosome 1. Moreover, the extended integrated map of the EDC, including the
polymorphic sequence tag site (STS) markers D1S1664, D1S2346, and D1S305, will serve as a valuable tool for
linkage analyses.

[The sequence data reported in this paper have been submitted to EMBL under the accession nos. AJ243659–
AJ243673.]

The chromosomal band 1q21 has been shown to har-
bor three gene families involved in terminal differen-
tiation of the human epidermis within 2 Mb of ge-
nomic DNA (Volz et al. 1993). They encode precursor
proteins of the cornified cell envelope (CE), interme-
diate filament-associated proteins, and calcium-
binding proteins. The clustered organization of these
genes and their evolutionarily conserved structural re-
lationship together with functional interdependence
of the encoded proteins led to their designation as a
gene complex; the epidermal differentiation complex
(EDC) (Mischke et al. 1996).

Loricrin, involucrin, and small proline-rich pro-

teins (SPRRs) are the major precursors of the CE (Stein-
ert et al. 1998), a highly insoluble and rigid structure
that is essential for the barrier function of the skin. In
terminally differentiating keratinocytes, the CE is as-
sembled at the intracellular surface of the plasma
membrane by transglutaminase-mediated cross-
linking of these proteins. The corresponding genes
LOR (Hohl et al. 1991), IVL (Eckert and Green 1986)
and 10 SPRR genes belonging to 3 subgroups (2 SPRR1,
7 SPRR2, and 1 SPRR3) (Gibbs et al. 1993) are charac-
terized by a similar gene structure, homologies in the
terminal protein domains, and a variable number of
internal tandem repeats. They constitute a cluster that
most likely evolved from a common ancestor (Backen-
dorf and Hohl 1992).

Profilaggrin, which is processed to functional filag-
grin monomers, and trichohyalin are the main con-
stituents of the keratohyalin granules in the epidermis
and the hair follicle, respectively (Steven et al. 1990;
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Fietz et al. 1993). They serve as keratin filament matrix
and are also cross-linked to the CE (Steinert and
Marekov 1995; Steinert et al. 1998). Their multifunc-
tional structure combines sequence repeats, similar to
the CE precursors, with two calcium-binding EF-hand
domains that are typical features of the S100 proteins
(see below) (Lee et al. 1993; Markova et al. 1993;
Presland et al. 1995). The gene loci FLG and THH are
located close together, centromeric to the CE precursor
genes (Volz et al. 1993).

All of these structural genes of the EDC are flanked
by 13 members of the S100 family (S100A1 to S100A13)
(Schaefer et al. 1995; Wicki et al. 1996a,b) encoding
calcium-binding proteins with two EF-hands (a cal-
cium-binding motif named after the E- and F-helices of
parvalbumin). S100 proteins are primarily regulatory
proteins involved in different steps of the calcium sig-
nal transduction pathway. They mediate effects on cell
shape, cell cycle progression, and differentiation
(Schaefer and Heizmann 1996). In addition, incorpo-
ration of S100A10 and S100A11 into the CE was re-
ported (Robinson et al. 1997), suggesting functional
cooperation between calcium-binding and structural
proteins in terminal differentiation of human kera-
tinocytes.

Several inherited skin diseases have been associ-
ated with the EDC. Mutations in the loricrin gene ac-
companying abnormal CE formation are responsible
for Vohwinkel’s syndrome, a palmoplantar hyperkera-
tosis with ainhum-like constrictions of the fingers
(Maestrini et al. 1996; Korge et al. 1997), and for pro-
gressive symmetric erythrokeratoderma (PSEK), which
is characterized by a similar phenotype with expanded
erythematous hyperkeratotic plaques (Ishida-
Yamamoto et al. 1997). In addition, low levels of pro-
filaggrin have been detected in ichthyosis vulgaris, a
mild hyperkeratosis (Nirunsuksiri et al. 1995), and co-
ordinate overexpression of S100A7, S100A8, S100A9,
SPRR1, and SPRR2 has been shown in chronic inflam-
matory and hyperproliferative psoriasis (Hardas et al.
1996), in line with a psoriasis susceptibility locus
within the 1q21 region (Capon et al. 1999).

Altered expression of certain S100 genes has also
been observed in other diseases, such as chronic in-
flammation (Rammes et al. 1997) and cardiomyopathy
(Remppis et al. 1996), as well as in different tumors,
such as breast cancer (Lee et al. 1992; Pedrocchi et al.
1994; Moog-Lutz et al. 1995; Albertazzi et al. 1998) and
malignant melanoma (Maelandsmo et al. 1997). Fur-
thermore, chromosomal aberrations of the 1q21 region
are often implicated in tumorigenesis (Gendler et al.
1990; Hoggard et al. 1995; Weterman et al. 1996; Forus
et al. 1998).

In summary, identification of further genes lo-
cated within the EDC should aid (1) to resolve the
composition of biological structures in the epidermis,

(2) to reveal potential control elements and signaling
pathways governing differentiation of keratinocytes,
and (3) to uncover genes and processes implicated in
skin diseases or tumors associated with this region of
chromosome 1. To reach this goal, a gridded keratino-
cyte cDNA library was constructed and successively hy-
bridized with two entire YAC probes from the 1q21
region. Identified cDNA clones representing poten-
tially new EDC genes were sequenced and their local-
ization was confirmed on the integrated map of the
EDC by use of additional 1q21-specific hybridization
markers. Furthermore, cDNA sequences were analyzed
with regard to their protein-coding regions and their
functional domains. Finally, expression of the corre-
sponding new genes during differentiation of cultured
human epidermal keratinocytes was investigated.

RESULTS

Hybridization of the Gridded cDNA Library with
a YAC
To identify new genes from chromosomal region 1q21
involved in epidermal differentiation, 32P-labeled DNA
of YAC 986 e 10 (1440 kb) that covers the central part
of the EDC (Marenholz et al. 1996) was hybridized to
the 184,320 clones of the gridded human keratinocyte
cDNA library. Despite excessive competition with total
genomic human DNA, almost 12,000 cDNA clones
were detected (Fig. 1, 986 e 10), 50 of which were ran-
domly picked and sequenced (Table 1, 1st approach).
The hybridization succeeded in identifying several
cDNA inserts originating from EDC genes. They en-
coded SPRR1A/1B and SPRR2A/2B, demonstrating in-
clusion of transcripts expressed late during terminal
differentiation within the library. In addition, one pre-
viously unidentified cDNA could be assigned to dis-
tinct YACs of region 1q21, representing the NICE-1
gene (for newly identified cDNA from the EDC).

However, as anticipated from the complexity of
the probe, >70% of the clones contained repetitive se-
quences, like diverse short and long interspersed ele-
ments (SINEs and LINEs). Hybridization of 10 such in-
serts back to the YACs of the contig resulted in either
non-specific signals (i.e., detection of multiple restric-
tion fragments of several YACs) or gave no signal at all.
Therefore, all clones containing repetitive elements
were excluded from further analyses. A second source
of non-specific hybridization were cDNA clones con-
taining ribosomal DNA that were detected by YAC
986 e 10 (Table 1, 1st and 2nd approach). On a YAC
filter, the respective inserts showed strong hybridiza-
tion signals with yeast DNA due to the homology in
ribosomal sequences between the yeast and human ge-
nomes. Detection of such clones was likely caused by
contamination of the isolated YAC probe with yeast
DNA.
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Subtractive Hybridization
To increase the specificity of the method, the number
of cDNA clones that were false-positive because of their
repetitive sequences had to be reduced. Because YACs
mapping in close vicinity within the human genome
usually have a similar content of repetitive elements,
YAC 950 e 2#9 (690 kb) was used as a probe for a sec-
ond hybridization. This YAC is located in the distal
part of the EDC but does not overlap with YAC
986 e 10 (Marenholz et al. 1996). Subsequently taking
advantage of the gridded nature of the library, all
cDNA clones hybridizing with both YACs could be eas-
ily identified to be non-specific and were disregarded
(Fig. 1).

As a result, only 2091 (YAC 986 e 10) and 744
(YAC 950 e 2#9) of the initially detected clones re-
mained that were expected to carry unique cDNA se-

quences from the EDC. Again, 50 clones were analyzed
for each YAC (Table 1, 2nd approach). Among the
cDNA clones detected by YAC 986 e 10 and left after
subtraction, not only sequences corresponding to
NICE-1, SPRR1A/1B, and SPRR2A/2B, but also to SPRR3
and IVL, were identified as a consequence of the
known gene content of the YAC. Comparable results
were obtained for YAC 950 e 2#9, because genes
known to be expressed in keratinocytes were retrieved,
that is, S100A4, S100A6, and S100A7. Moreover, cDNA
sequences of nine genes were detected that could be
newly assigned to YACs of the EDC region. They rep-
resented TPM3 (cytoskeletal tropomyosin TM30nm),
HAX1 (HS1-binding protein Hax-1), ADAR1 (RNA-
specific adenosine deaminase), LAMRL6 (34/67-kD
laminin receptor-like), PSMD8L (26S proteasome sub-
unit p31-like), NICE-2, NICE-3, NICE-4, and NICE-5.

Figure 1 Hybridization of YACs 986 e 10 and 950 e 2#9 to a high-density filter of the gridded keratinocyte cDNA library. Autoradio-
graphs show a quarter of a blot containing 18,432 double-spotted cDNA clones, which was successively hybridized with 32P-labeled DNA
derived from YACs 986 e 10 and 950 e 2#9, respectively. Positive clones are detected by two spots arranged in a specific pattern. Clones
identified with both YACs were subtracted. Arrows indicate examples of a subtracted clone (black arrows) and of potentially EDC-specific
cDNAs (white arrows).

Table 1. Evaluation of Detected cDNA Clones

1st Approach 2nd Approach (subtractive)

YAC 986_e_10 YAC 986_e_10 YAC 950_e_2#9

Detected ∼12000 ∼12000 ∼10000
YAC-specific ∼12000 2091 744
Sequenced 50 50 50

cDNA Repetitive 36 3 —
Clones Ribosomal 1 3 —

Assigned to 1q21 9 40 45
Others 4 4 5

Established EDC genes 4 6 3
New-assigned EDC genes 1 1 9
EDC gene-specific clones

among selected clonesa
15% 85% 92%

aDetermined by hybridization of gene-specific probes back to the gridded library.
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After subtraction, only a few clones remained that
could not be mapped to the YAC contig of region 1q21.
Such clones were attributed to rare repetitive elements
that are not contained in both of the YAC probes or
might indicate chimerism of a YAC, as has been shown
recently for YAC 986 e 10 that carries a rearranged cen-
tromeric arm (Lioumi et al. 1998). Further misleading
hybridization signals were due to chimeric cDNA se-
quences or to clones contaminated by others, of which
∼5% were identified each.

For a comparison of the results before and after
subtractive evaluation, we used a mixture of the EDC-
specific cDNA inserts identified by YAC 986 e 10 (cor-
responding to SPRR1, SPRR2, SPRR3, IVL, NICE-1) to
probe the gridded library; 1777 clones were detected,
that is, only 15% of the 12,000 clones initially found,
but 85% of the 2091 clones left after subtraction. YAC
950 e 2#9 surpassed even this result; back hybridiza-
tion of the 12 cDNA inserts originating from the EDC
to the gridded library detected 685 of the 744 YAC-
specific clones, which corresponds to a success rate of
92% (Table 1, last row).

Restriction Mapping of the Newly Identified
EDC Loci
Because region 1q21 is frequently involved in chromo-
somal aberrations (Hoggard et al. 1995; Weterman et
al. 1996; Forus et al. 1998), and assembly of the YAC
contig had identified several rearranged YACs (Maren-
holz et al. 1996; Lioumi et al. 1998), we combined ge-
nomic and YAC restriction mapping to confirm the
localization and to determine the order of the 10 newly
detected EDC genes. Accordingly, 16 YACs of the es-
tablished contig as well as 11 overlapping YACs
(950 e 2#1 to 950 e 2#11) isolated from the unstable
original culture 950 e 2, were used for construction of a
SalI restriction map. To achieve a higher resolution,
additional probes for S100A1, S100A2, S100A11,
S100A13, and for the nicotinic acetylcholine receptor
�2-subunit gene CHRNB2, as well as five newly gener-
ated 1q21-specific markers (24f6, 24f15, 24f32, 24f39,
and 24f57) were assigned to defined YAC restriction
fragments. Subsequently, selected markers were posi-
tioned on the genomic long-range restriction map of
1q21 to compare the distances in YACs with genomic
distances obtained from the H2LCL cell line.

Mapping results and sizes of the SalI restriction
fragments for the S100 genes and CHRNB2 agreed with
previous data (Schaefer et al. 1995; Wicki et al.
1996a,b; Lueders et al. 1999). In addition, hybridiza-
tion with defined fragments of distinct YACs unam-
biguously established the order of eight newly detected
EDC genes. Only the arrangement of NICE-4 and
HAX1, both located on the same fragments, could not
be resolved (Fig. 2B). Genomic NotI, NruI, MluI, and
BsiWI restriction fragments detected by S100A6 and

S100A4 were the most distal fragments of the previ-
ously established map (Volz et al. 1993). The most telo-
meric markers hybridized to hitherto undetected frag-
ments and extended the physical map of the EDC ∼1
Mb toward 1q22 (Fig. 2A). The assignment of NICE-1,
NICE-2, NICE-3, NICE-4, NICE-5 and HAX1 to the EDC
was unambiguously established by hybridization of
the corresponding cDNA inserts exclusively to 1q21-
specific restriction fragments. Likewise, localization of
ADAR1 and TPM3 on these fragments refined their cy-
togenetic assignment to the chromosomal region
1q21.1-q21.2, and not 1q22-q23 (Weier et al. 1995;
Wilton et al. 1995). In contrast to ADAR1, the TPM3
probe hybridized with multiple genomic restriction
fragments, indicating the presence of several related
sequences within the human genome, in line with pre-
vious studies (MacLeod et al. 1986). A similar result was
obtained by the LAMRL6 probe due to pseudogenes on
chromosomes 3, 12, 14, and X (Bignon et al. 1991;
Richardson et al. 1998), and the functional laminin
receptor gene (LAMR1) on chromosome 3p21.3 (Jack-
ers et al. 1996). Finally, the PSMD8L probe also gave
rise to extra bands, presumably due to cross-reaction
with the PSMD8 gene on chromosome 19 (accession
no. AC005789).

Except for the lower resolution, the order of loci
on the genomic map agreed with that of the YAC map.
However, a discrepancy was observed in the distances
between NICE-2 and ADAR1; 1.3 Mb in genomic DNA
as compared with the size of YAC 950 e 2#9 (690 kb),
which had detected the corresponding cDNAs (Fig.
2A,B). Because at least 10 of 11 YACs isolated from
950 e 2 indicated the presence of an internal deletion,
the genomic distance is more reliable. Correspond-
ingly, the largest YAC from this series, 950 e 2#4, is
expected to lack ∼400 kb of genomic DNA.

The Extended Integrated Map of the EDC
The polymorphic STS markers D1S305 and D1S1664
from the initial YAC contig as well as D1S2346 from
the genetic map of chromosome 1 (Hudson et al. 1995)
were used to integrate physical and genetic mapping
data. The positions of D1S305 and D1S1664 could be
refined and assignment to various YACs of the contig
established the localization of D1S2346, as illustrated
on the integrated map (Fig. 2).

Apart from the above genetic markers, the map
comprises all loci that were assigned to the EDC in this
report, that is, 10 cDNA sequences from human kera-
tinocytes and 5 1q21-specific hybridization markers, as
well as the STS markers SHGC 57801 (accession no.
G41921), SHGC-33740 (accession no. G29465), and
SHGC-11135 (accession no. G13549), which coincide
with 3 of the novel genes. In addition, the localiza-
tion of all genes and hybridization markers mapped
previously to the EDC (Marenholz et al. 1996; Mischke
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et al. 1996; Wicki et al. 1996a,b; Lueders et al. 1999;
South et al. 1999) has been verified on the SalI restric-
tion map.

Analysis of the cDNA Sequences Corresponding to
EDC Genes
Of the 150 clones sequenced from the gridded human
keratinocyte cDNA library, 94 could be unambiguously
assigned to region 1q21 (Table 1). These represented a
total of 19 different genes, 9 established EDC genes
serving as positive controls for subtractive hybridiza-
tion, 5 genes coding for known proteins, which could
be identified here as new members of the EDC, and 5
novel EDC-encoded genes (i.e., the NICE loci, see be-
low).

Comparison of the cDNA sequences encoding the
known proteins with the corresponding database en-
tries revealed >99% similarity (Table 2). In the case of

SPRR3, a second transcript was isolated that was distin-
guished by a missing repeat and defined nucleotide
substitutions (Fig. 3). The deduced amino acid se-
quence was identical with SPRC, a protein identified
previously in oral mucosa (Robinson et al. 1994).

Several cDNAs did not match a gene of known
function in the databases. Because of their identifica-
tion in the keratinocyte library and their assignment to
the EDC, these were designated as NICE. Alignment
studies revealed transcripts of five different NICE
genes, two of which exhibited alternative splicing. The
corresponding cDNAs were analyzed with regard to
overlapping nucleotide sequences in the databases and
to their putative protein coding regions, allowing the
characterization of amino acid sequences in four cases
(Table 3). In addition, as a first approximation, the
tissue distribution of the transcripts was determined by
EST analysis, followed by the direct analysis of differ-

Figure 2 Integrated map of the EDC. Genomic and YAC restriction mapping results yielded the order of genes (in bold), STSs (in italics),
and other loci within the EDC as shown. STS markers coinciding with the newly assigned genes were not tested and are marked with an
asterisk. Precise localization of 37m2/37m16, of the two SPRR1 genes and of S100A1/S100A13 was resolved previously (South et al. 1999).
The order of loci underlined with a horizontal bar could not be resolved. (A) Genomic restriction map of the EDC. A continuous map
spanning 3.5 Mb of region 1q21 with NotI (N), NruI (R), MluI (M), and Bsi WI (B) restriction sites of the two haplotypes present in the
H2LCL cell line (represented by the two lanes) is shown. White ovals indicate hybridization of the probe specified below to the
corresponding restriction fragments that resulted from single and double restriction enzyme digests. Refined mapping results of S100A10,
THH, FLG, IVL, SPRR3, SPRR1, SPRR2, LOR, S100A9, S100A8, and S100A6 obtained by digestion with additional restriction enzymes (not
shown) were adopted from the established map (Mischke et al. 1996). (B) Refined YAC contig of the EDC. Sixteen YACs from the 6-Mb
contig covering the EDC (Marenholz et al. 1996) are shown with their addresses. Eight overlapping YACs of 950 e 2 that were used to
resolve the order in the distal region are included. Sizes of YACs as determined previously by rotating-field gel electrophoresis (ROFE) are
represented by the sum of the length of the gray and black boxes (detected fragments) and of the black horizontal bars (unidentified DNA
sequences). White ovals represent hybridization of the respective fragment with the corresponding probe, derived from the locus above.
SalI restriction sites are indicated by vertical lines. A polymorphic restriction site in NICE-1 was detected for 907 e 6 and 874 d 5. Gray
boxes correspond to continuously covered human DNA as deduced from marker content and from identical fragments in several
independent YACs. Broken horizontal lines indicate deletions and black boxes indicate other rearranged fragments identified by aberrant
size and/or marker content. Restriction fragments of distinct size that were only detected in a single YAC are potential end fragments or
could be rearranged and lack the second SalI site marker. Arrangement of detected SalI restriction fragments with respect to the
unidentified DNA sequences depended on YAC sizes and genomic mapping results. S100A3, S100A5, and S100A12 represented by gray
ovals were mapped previously to YAC 100 f 3 (Schaefer et al. 1995; Wicki et al. 1996b). D1S1664, D1S2346, and D1S305 (vertical broken
lines) were assigned to the corresponding YACs by PCR and therefore could not be positioned on single restriction fragments. The NICE-2,
S100A7, and D1S3625 probes each hybridized to the same two SalI fragments, most likely indicating a duplication of sequences. Their
order was resolved on the basis of signal intensities.
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entiation-specific expression of the NICE genes by
Northern blot hybridization.

Three alternatively spliced cDNA sequences were
obtained for NICE-3 (Fig. 4). The corresponding tran-
scripts of this gene revealed identical 3�-terminal se-
quences including the STS markers SHGC-11135 and
TIGR-A002G29 from chromosome 1. They lacked up to
two internal exons, and two more missing exons were
identified in ESTs from various human tissues. One of
the proteins deduced from NICE-3 was identical with
the predicted human protein HSPC012 (accession no.
4689120).

NICE-4 was represented by two different cDNA se-
quences in keratinocytes. Another cDNA originating
from the same gene is KIAA0144, which had been iso-
lated from a myeloid cell line (Nagase et al. 1995). Al-
though identical in the major part of the sequence,
each of the transcripts carried a different 3�-terminal
sequence, resulting in modified carboxy-termini of the
encoded proteins (Fig. 5). Similarity search with the
NICE-4 sequences detected highly conserved ESTs from
mouse and rat, confirming previous results of Vos
(1997) who had identified mouse ESTs homolog to
KIAA0144 as well as alternatively spliced human se-

quences that overlap KIAA0144 and include STS 33740
from the chromosomal region 1q21.

Single consensus sequences with distinct ORFs
were identified for the cDNAs corresponding to NICE-1
and NICE-5, respectively. A large number of clones
contained the NICE-1 sequence (Fig. 6), which includes
the STS marker SHGC-57801. The predicted ORF re-
sembled (36% similarity) the skin-specific protein (ac-
cession no. 2589188) expressed from the gene xp5 (ac-
cession no. AF005080), which had been mapped pre-
viously to the 1q21 region (Zhao and Elder 1997). It is
possible that NICE-1 and xp-5 are the first members of
a novel EDC gene family.

The protein translated from the predicted ORF of
NICE-5 is related (∼50% similarity) to two proteins of
unknown function, one deduced from the Drosophila
melanogaster gene EG:25E8.2 (accession no. AL009196)
and one from the Caenorhabditis elegans gene F25H2.8
(accession no. Z79754). Northern blot hybridization
yielded a transcript size of 2000 nucleotides and hu-
man ESTs, which overlap the 5�-end of the consensus
sequence (880 bp) indicate a partial cDNA (Fig. 7).

Several cDNA clones were isolated from the NICE-2
gene. Although varying in size, they obviously origi-

Table 2. Characterization of EDC Genes Encoding Known Proteins

YAC probe
Detected transcript

(gene) Size of cDNA
Homologous to:

acc. no. (identities) Positive YACs

Established EDC genes

Involucrin 2139 bp M13902 / M13903 874_d_5, 986_e_10, 890_e_4,
(IVL) (99%) 955_e_11
Small proline-rich protein 3 890 bp / 859 bp AF077374 874_d_5, 986_e_10, 890_e_4,
(SPRR3) (99% / 95%) 955_e_11, 692_c_1

986_e_10 Small proline-rich protein 1A/1B 769 bp / 595 bp L05187 (99%) / 874_d_5, 986_e_10, 890_e_4,
(SPRR1A/1B) M84757 (99%) 955_e_11, 692_c_1
Small proline-rich protein 2A/2B 674 bp / 661 bp M20030 (99%) / 874_d_5, 986_e_10, 890_e_4,
(SPRR2A/2B) M21302 (99%) 955_e_11, 692_c_1

S100 Calcium-binding protein A7 416 bp M86757 955_e_11, 692_c_1, 100_f_3,
(S100A7) (99%) 950_e_2 (#1, #2, #4–#11)
S100 Calcium-binding protein A6 420 bp M14300 955_e_11, 692_c_1, 100_f_3,
(S100A6) (100%) 950_e_2 (#4, #6, #7, #9, #11)
S100 Calcium-binding protein A4 496 bp M80563 955_e_11, 692_c_1, 100_f_3,
(S100A4) (99%) 950_e_2 (#4, #6, #7, #9, #11)

New-assigned EDC genes

Adenosine deaminase, RNA-specific 2625 bpa U18121 950_e_2 (#1–#11),
950_e_2#9 (ADAR1) (99%) 951_f_6, 954_a_11

Cytoskeletal tropomyosin TM30nm 2075 bp X04588 950_e_2 (#2, #4, #7, #9),
(TPM3) (99%) 713_h_12, 951_f_6
26S Proteasome subunit p31 973 bp D38047 950_e_2 (#2–#4, #7–#10),
(PSMD8L) (100%) 951_f_6, 954_a_11
HAX-1, HS1-binding protein 1084 bp U68566 950_e_2 (#2–#4, #7, #9),
(HAX1) (99%) 713_h_12, 951_f_6, 643_h_5
34 / 67 kd Laminin receptor 1025 bp J03799 950_e_2 (#2–#4, #7–#10),
(LAMRL6) (99%) 951_f_6, 643_h_5, 954_a_11

aAll sequenced cDNA inserts originated from the 3� untranslated region (UTR) of the gene.
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nated from the same mRNA that was converted into
cDNA to different extents. Database search identified
D1S3625, a subcloned sequence of a YAC from the con-
tig, with 85% similarity, but no EST or gene-specific
sequence. Because the NICE-2 sequence contained no
significant ORF, the detected clones presumably repre-
sent a large 3�-untranslated region (Fig. 7).

A Northern blot containing RNA samples of hu-
man skin, keratinocytes cultured under different con-
ditions, and various tumor cell lines, as well as primary
fibroblasts and melanocytes was used to investigate ex-
pression of the NICE genes depending on the tissue
and the differentiation stage of keratinocytes. Low
RNA levels in all samples tested were detected for NICE-
2, NICE-3, NICE-4, and NICE-5 (data not shown). In
contrast, NICE-1 expression was only found in kera-
tinocytes, with the highest RNA level in keratinocytes
induced to differentiate by calcium addition (Fig. 8).
The expression pattern for NICE-1 was similar to the
expression of the keratinocyte-specific terminal differ-
entiation marker SPRR2. However, NICE-1 ESTs were
also detected in a heart library, indicating that its ex-
pression is not restricted to keratinocytes (Table 4).

DISCUSSION
In this work, we describe a highly efficient and
straightforward method for identifying expressed
genes from a targeted genomic region, by use of entire
YACs to screen a gridded cDNA library. Whereas pre-
vious investigations reported on problems due to non-
specific hybridization by use of such complex DNA
probes (Elvin et al. 1990; Boultwood et al. 1997), the
novelty of the present work relies on the use of a sub-
tractive approach. A gridded keratinocyte cDNA library
allowing cross-referencing of data was successively hy-
bridized with two non-overlapping YACs from the
well-characterized contig covering the EDC (Maren-
holz et al. 1996; Lioumi et al. 1998). After subtracting
non-specific cDNA clones as indicated by hybridiza-
tion with both of the YACs, characterization of the
remaining clones yielded transcripts of 19 EDC genes,
10 of which were assigned to this gene complex for the
first time. Although sequencing and mapping was re-
stricted to 50 cDNA clones per YAC, the isolated EDC-
specific sequences covered ∼90% of all 2835 clones spe-
cifically detected by one YAC, surpassing most posi-
tional cloning methods that yielded a maximum of
15% positives (Hisama et al. 1998). Compared with
this success rate, the only drawback, namely the loss of
those cDNA clones that contain genuine repetitive se-
quences despite their localization within the region of
interest, should constitute a minor problem. Consider-
ing that 10,000 clones were disregarded because of
nonspecific hybridization, ∼5% of the 186,432 cDNAs
in the library might be lost by this method. Because
publically available data obtained by large-scale se-

quencing and mapping of ESTs are increasing rapidly,
we compared our results with the respective database
entries for sequences that were expressed from the
NICE genes (Table 4). No information was available for
the NICE-2 sequence. Single-splicing products of
NICE-3 and NICE-4 had not been detected either, and
the NICE-1 sequence was present only partially. ESTs
originating from the NICE-1, NICE-3, NICE-4, and
NICE-5 genes had already been located on the human
transcript map, between the markers D1S514 in region
1q21 and D1S2635 in 1q22. However, as this interval
spans ∼13 cM of chromosome 1, this localization on
the gene map was too imprecise for the assignment of
any of these loci to the EDC.

Genomic restriction mapping established the lo-
calization of the NICE genes, of HAX1, ADAR1, and
TPM3 within the EDC. The new loci for a 26S protea-
some subunit p31 gene (PSMD8L) and for a laminin
receptor gene (LAMRL6) in region 1q21, however, re-
quire further characterization to resolve their func-
tional properties and significance. In line with genetic
data (Hudson et al. 1995), the polymorphic STS mark-

Figure 3 Alignment of the cDNA clones 31131 8 and 3162o12
representing two different alleles of the SPRR3 gene. Black boxes
indicate divergences in the nucleotide sequences, open boxes
indicate divergences in the deduced amino acid sequences that
contain 14 (clone 31131 8) and 13 (clone 3162o12) octapeptide
repeats (shaded gray), respectively. Among the four mutations
within the coding region, only one results in a substituted amino
acid residue, with higher homology to the consensus repeat se-
quence TKVPEPGC of clone 3162o12.
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ers D1S1664, D1S2346, and D1S305 were placed on the
physical map. In the telomeric region of the EDC, the
high density of markers revealed deletions in all YACs
carrying the neighboring loci S100A1 and D1S3619.
The identification of these rearrangements lead to a
corrected order of the loci distal to S100A6 in the initial
contig. Interestingly, TPM3, which is involved in sev-
eral oncogenic chromosomal aberrations (Butti et al.
1995; Lamant et al. 1999) maps close to this unstable
region. In the majority of YACs, TPM3 is a part of the
deletion, suggesting that instability of YACs might
concur with rearrangements in the human genome.

Sequence analyses of the genes newly assigned to
the EDC indicated no overlap with the characteristic
protein domains of the known EDC genes, such as re-
peat structures or calcium-binding sites (Mischke et al.
1996), and the putative functions of the encoded pro-
teins have been mainly elucidated outside of the skin
so far. For example, Hax-1 interacts with HS1, an actin
cytoskeleton-associated protein, regulating clonal ex-

pansion and deletion of lymphoid cells (Suzuki et al.
1997), the RNA-specific adenosine deaminase is in-
volved in modification of transcripts encoding gluta-
mate and serotonin receptors in the central nervous
system (Keller et al. 1999), and the yeast homolog of
the 26S proteasome subunit p31 is necessary for the
degradation of proteins regulating the cell cycle

Figure 4 Alternatively spliced gene products of NICE-3. The
nucleotide sequences of the three cDNA clones were identical
except for the lacking exons (broken lines) of clones 3038m19
(exon 279–380) and 1023j12 (exons 279–380 and 499–552).
Incomplete 5�-termini of clones 3038m19 and 3038j13 were
filled up with overlapping sequences of clone 1023j12 (a) and
EST T27537 (b). Sequence information derived from the respec-
tive clones is represented by open boxes; ORFs are shaded gray.
The first nucleotide of the putative initiation methionine codon,
exon boundaries, and the last nucleotide of the coding sequence,
as well as the size of the predicted protein are indicated for each
transcript. Additional spliced exons and combinations of them
were identified in ESTs by similarity search: exon 202–278 in
AA354455 from Jurkat T-cells, exons 202–278 and 279–380 in
AA463392 from total fetus, exon 381–498 in AA057488 from
colon, exons 279–380 and 381–498 in Z42265 from infant brain.

Figure 5 Alternative 3�-termini of the NICE-4 gene products. Sequence information derived from cDNA clones 1056f 5, 3114f17, and
cDNA KIAA0144 is represented by open boxes. Clone 3114f17 only contains the 3�-terminal sequence of the transcript and was filled up
with overlapping sequences of clone 1056f 5 and cDNA KIAA0144. Nonhomologous regions are cross-hatched, ORFs are shaded gray.
The first and last nucleotide of the putative coding sequence and of identical regions are indicated above, the size of the predicted protein
below the corresponding transcripts.

Figure 6 Sequence analysis of NICE-1 cDNA. (A) Nucleotide
sequence of NICE-1 and the amino acid sequence deduced from
its largest ORF. The putative initiation methionine codon ATG
and the termination codon TGA are shaded gray. The polyade-
nylation signal AATAAA is underlined. (B) Comparison of the pro-
tein sequences of NICE-1 and xp5. Black boxes indicate identical,
gray boxes indicate similar amino acids. Dashes indicate missing
amino acids. Pairwise sequence alignment was performed at
http://vega.crbm.cnrs-mop.fr/bin/align-guess.cgi.

Identification of Human EDC Genes

Genome Research 349
www.genome.org

 Cold Spring Harbor Laboratory Press on June 21, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


(Kominami et al. 1995). However, for the homologs of
TM30nm and of the 34/67-kD laminin receptor, which
are also ubiquitously expressed, a role in epidermal
cells has already been shown; both are involved in ma-
lignancy of tumors of the mouse skin (Tennenbaum et
al. 1992; Miyado et al. 1996). Similar observations, a
broad tissue distribution and specific functions in the
epidermis, have been made for other EDC-encoded
proteins, for example, certain members of the S100
family (Mischke et al. 1996; Schaefer and Heizmann
1996).

In the central region of the EDC, a novel transcript
of the SPRR3 gene was identified. Apart from the estab-
lished sequence with 14 internal repeats of 24 nucleo-
tides yielding a protein size of 169 amino acids (Gibbs
et al. 1993), cDNA clones with 13 repeats and diver-
gences in defined positions of the nucleotide sequence
were isolated (Fig. 3). The encoded 161-amino-acid
protein that, in addition, carries one substituted amino
acid, most likely reflects a polymorphism in the singu-
lar SPRR3 gene, similar to the variable number of re-
peats that have been described for the human involu-
crin gene (Simon et al. 1991). According to the evolu-
tion of the SPRR gene family by intra- and intergenic
duplications (Gibbs et al. 1993), which suggests that
the inner repeating units were generated most re-
cently, the allele with 13 repeats would indicate an
earlier origin.

The only novel gene that was mapped to this part
of the EDC is NICE-1. Its localization between genes
encoding the structural proteins filaggrin and involu-
crin together with its expression pattern similar to
SPRR2 suggests a role in terminal differentiation of the
epidermis. This conclusion is supported by the pre-
dicted protein of NICE-1; the amino acid sequence con-
tains several glutamine and lysine residues, character-
istics of the transglutaminase substrates of the CE, and
like loricrin it is serine, glutamine, and cysteine rich
(Fig. 6). As a putative new precursor of the CE, it dis-
plays a weak similarity to another predicted protein
from human skin, which is encoded by the xp5 gene
(Zhao and Elder 1997). This gene is expressed in nor-
mal and psoriatic skin, but not in undifferentiated ke-

ratinocytes, and it has also been mapped close to IVL
and the SPRR genes (Zhao and Elder 1997). However,
like profilaggrin, xp5 has not yet been detected within
the gridded keratinocyte cDNA library. Low abundance
or even absence of the corresponding transcripts in the
library could be attributed to gene expression restricted
to the latest steps of epithelial differentiation, which
might be unattainable in cultured keratinocytes. This
could also be the reason for the low density of genes
identified between FLG and IVL.

It has been proposed that expression patterns of
EDC genes change gradually from a broad tissue distri-
bution and limited differentiation specificity in the
telomeric region, including the S100 genes, toward a
strong tissue- and differentiation-specific expression in
the more centromeric region, in which THH and FLG
are located (Zhao and Elder 1997). The expression data
for the novel EDC genes clearly support this conclu-
sion. For instance, the NICE-2, NICE-3, NICE-4, and
NICE-5 genes, which extend the EDC toward the telo-

Figure 7 Sequence analysis of the NICE-5 and NICE-2 gene products. cDNA clones 11591 8 (NICE-5) (top) and 1192j18 (NICE-2)
(bottom) contain the 3�-termini of the corresponding transcripts. Overlapping ESTs AA287174 and AA641342 were used to extend the
NICE-5 sequence. Sequence information derived from the respective clones is represented by open boxes; broken line boxes indicate
lacking sequences as deduced from the approximate size of the entire mRNA, which was determined by Northern hybridization. The ORF
of NICE-5 (shaded gray) is likely to be incomplete. No significant ORF was detected within the NICE-2 sequence. Numbering is relative
to the start of the available sequence (+1). In the case of NICE-5, the last nucleotide of the putative coding sequence and the minimum
protein size are indicated. The size of the protein resulting from the first initiation methionine codon within the available sequence and
the position of the initial adenine (�) are in parenthesis.

Figure 8 Northern blot analysis of NICE-1. A Northern blot
containing RNA from different cell populations was hybridized
with a specific probe for NICE-1. Total RNA (20 µg) in each lane
was isolated from the following tissues or cultured cells: (1) hu-
man skin; (2) stripped human keratinocytes maintained in me-
dium without calcium (Fischer et al. 1999); (3) stripped human
keratinocytes maintained in a proliferative state in medium with
1.8 mM strontium (Praeger et al. 1987); (4) stripped human
keratinocytes induced to differentiate in medium with 1.8 mM
calcium; (5) HaCaT cells; (6) HeLa cells; (7) SCC4 cells; (8) pri-
mary human fibroblasts; (9) primary human melanocytes. The
top band is due to cross-reaction with 28S ribosomal RNA.
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meric side, appear to be ubiquitously expressed at a low
level in many cell populations. Furthermore, the
NICE-5 gene appears to be highly conserved from C.
elegans to man. In contrast, the NICE-1 gene, which we
have mapped in the more centromeric region of the
EDC, is strongly up-regulated in differentiated kera-
tinocytes. Although it is possible that a locus control
region determines appropriate expression of these
genes during terminal differentiation, conserved regu-
latory elements within the SPRR gene family suggest a
major control function for individual promotors in co-
ordinated, differentiation-specific expression of the re-
spective genes (Fischer et al. 1996, 1999; Sark et al.
1998).

The identification of 10 additional genes within
the EDC that are expressed in keratinocytes strength-
ens the role of this genomic region as a gene complex
(Mischke et al. 1996). Now harboring 37 genes within
3 Mb, the gene density is certainly still far from the >50
genes including pseudogenes/Mb of the human major
histocompatibility complex (MHC) on chromosome 6
(The MHC sequencing consortium 1999), but in con-
trast to the MHC, most of the genes of the EDC par-
ticipate in one major goal, the building-up of the epi-
dermis as the major barrier between the human body
and the environment. It can be expected that the num-
ber of EDC genes will still increase, as the whole cen-
tromeric part of the EDC, the region between SPRR2A
and S100A7 including the loricrin gene, S100A9,
S100A12, and S100A8, as well as the deleted part of
YAC 950 e 2#9 between S100A1 and D1S3619 were ex-

cluded from our investigations. Moreover, further
evaluation of the YAC-specific cDNAs might reveal ad-
ditional genes of the examined region, like profilaggrin
or rare transcripts that have not yet been recovered.
Finally, the results reported here have shifted the telo-
meric border of the EDC toward 1q22, indicating that
the extension of the EDC is so far unknown.

In conclusion, subtractive hybridization as de-
scribed here is a powerful tool to isolate specific tran-
scripts from large chromosomal regions, which is es-
sential, for example, for the identification of disease
genes that have been localized to an Mb-sized candi-
date region by lineage analyses. A small contig that
includes the corresponding genetic marker and a grid-
ded cDNA library from the affected tissue are the only
tools necessary for the identification of specific tran-
scripts after just two hybridization experiments. By ap-
plying this technique to the EDC, we succeeded in the
identification of 23 different transcripts originating
from 19 genes, 10 of which were assigned to this hu-
man gene complex for the first time.

METHODS

Construction of the Gridded Keratinocyte
cDNA Library
RNA was isolated from human primary keratinocytes
cultured in vitro with different calcium concentrations
and at different degrees of confluence and stratifica-
tion (Fischer et al. 1996). Poly(A)+-RNA from different
cultures was pooled and size fractionated on sucrose

Table 4. EST Analyses for the NICE Genes

Gene
UniGene

EST-cluster
Map position

(GeneMap’99) EST sources

NICE-1 Hs.110196 D1S514-
D1S2635

Heart

NICE-2 — — —

NICE-3 Hs.31989 D1S514-
D1S2635

Adipose, adrenal gland, aorta, blood, brain,
breast, colon, ear, eye, foreskin, gall bladder,
germ cell, heart, kidney, liver, lung, lymph,
muscle, ovary, pancreas, parathyroid,
placenta, prostate, skin, stomach, synovial
membrane, testis, tonsil, uterus, whole embryo

NICE-4 Hs.8127 D1S514-
D1S2635

Adrenal gland, aorta, blood, bone, brain,
breast, colon, ear, germ cell, heart, kidney,
lung, lymph, omentum, ovary, pancreas,
placenta, prostate, smooth muscle, stomach,
testis, thymus, tonsil, uterus, whole embryo

NICE-5 Hs.107538 D1S514-
D1S2635

Aorta, brain, breast, CNS, colon, eye, foreskin,
gall bladder, germ cell, heart, kidney, lung,
lymph, ovary, pancreas, placenta, prostate,
stomach, testis, thyroid, tonsil, uterus, whole
embryo
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gradients. Four libraries were prepared by use of oli-
go(dT)-primers for first strand cDNA synthesis and the
high efficiency Lambda ZAP II cloning system (Strata-
gene). Subsequently, the cloned fragments were ex-
cised in vivo from the � vector into the phagemid
pBluescript. The original complexity of each library
was ∼106 clones. Libraries 1 and 2 (corresponding to
larger inserts) were pooled as well as 3 and 4 (corre-
sponding to smaller inserts) and both of the pools were
processed separately. The libraries were gridded at the
Ressourcenzentrum in Berlin, basically following the
protocol of Nizetic and Lehrach (1995). A total of
184,320 cDNA clones were picked by a robot into 480
384-well microtiter plates. After replication, one copy
of the library was used for spotting the clones onto 10
high-density filters. Microtiter plates containing a sec-
ond copy of the library were stored at �80°C to re-
trieve positively identified clones for analyses.

YACs and DNA Probes
All YACs have been characterized extensively (Maren-
holz et al. 1996; Lioumi et al. 1998). YACs 950 e 2#1 to
#11 represent single colonies from the unstable CEPH
YAC culture 950 e 2. Specific markers for S100A1,
S100A2, S100A8, S100A9, S100A10, S100A11, S100A13,
SPRR1B, SPRR2A, SPRR3, LOR, IVL, FLG, THH, CHRNB2,
D1S305, D1S1664, D1S2346, D1S3619, D1S3623,
D1S3624, D1S3625, D1S3626, D1S3627, D1S3628,
37m2, 37m6, and 37m16 were the same as described
previously (Engelkamp et al. 1992; Volz et al. 1993;
Pedrocchi et al. 1994; Hudson et al. 1995; Marenholz et
al. 1996; Mischke et al. 1996; Wicki et al. 1996a,b; Lu-
eders et al. 1999; South et al. 1999). Cloned cDNA in-
serts or fragments of them used as probes that were
isolated from the gridded library are listed in Table 5.
Whole YAC DNA was isolated as described (Marenholz
et al. 1996) for subtractive hybridization (YACs
986 e 10 and 950 e 2#9) and for generation of plasmid

subclones 24f6, 24f15, 24f32, 24f39, and 24f57 (YAC
950 e 2#9).

Northern and Southern Hybridization
Total RNA isolation and Northern blotting (Lohman et
al. 1997), preparation of Southern blots for genomic
(H2LCL cell line), and YAC restriction mapping, label-
ing of probes, and hybridization (Volz et al. 1993;
Marenholz et al. 1996) were performed essentially as
described. Modified parameters for rotating-field gel
electrophoresis (ROFE) (Ziegler and Volz 1992), were
used for genomic restriction mapping; duration three
times 25 h, interval (pulse time) 80–240 s log, angle
115–130° log, voltage 110–130 V log, temperature
12°C. To block nonspecific hybridization, 32P-labeled
DNA of YACs 986 e 10 and 950 e 2#9 was prehybrid-
ized extensively with 100 µg/mL sonicated total ge-
nomic human placenta DNA for 1 h at 66°C.

Sequencing
Sequencing reactions were performed using 200 ng of
plasmid DNA/kb template from selected cDNA clones,
4 pmole of IRD-800 or IRD-700-labeled M13 (�20) or
M13 reverse primers and the Thermo Sequenase fluo-
rescent labeled primer cycle sequencing kit with
7-deaza-dGTP (Amersham) following the protocol pro-
vided by the manufacturer of the Li-Cor DNA se-
quencer model 4200. In general, sequence editing
yielded a reliable sequence (>98% identity, as deter-
mined by alignment to known nucleotide sequences)
for ∼600 bp from each primer and for additional 200 bp
with decreasing reliability. The continuous sequence of
transcripts >1200 bp was determined by constructing
contigs of overlapping 5�-terminal sequences that were
derived from incomplete cDNAs originating from the
same gene. Remaining gaps were filled with overlap-
ping DNA sequences identified in databases by
BLASTN search (see below). To rule out chimerism, sev-
eral independent cDNA inserts of the same gene were
sequenced. Applying this strategy yielded a single con-
sensus sequence in most cases, but also indicated alter-
natively spliced forms.

Computational Analyses
The following uniform resource locators (URL) and
subdirectories were used for sequence alignment, simi-
larity and protein domain searches: http://
www.toulouse.inra.fr/multalin.html (Corpet 1998);
http://www.ncbi.nlm.nih.gov/cgi-bin/BLAST/nph-
newblast (Altschul et al. 1997); http://www.expasy.ch/
tools/scnpsit1.html (Hofmann et al. 1999) (PROSITE
patterns with a high probability of occurrence were
excluded); http://www.isrec.isb-sib.ch/software/
PFSCAN form.html (PROSITE profiles, Pfam, and Grib-
skov collection, including weak matches).

Table 5. cDNA Fragments Used as Probes

Gene Clone
EcoRI/XhoI
fragment

S100A4 1007n11 327 bp
S100A6 1023f1 402 bp
S100A7 1010b14 425 bp
ADAR1 1007n 1 1530 bp
HAX1 3027d12 949 bp
LAMRL6 30381 4 1030 bp
PSMD8L 3017o23 923 bp
TPM3 3006f16 2108 bp
NICE-1 3042e22 728 bp
NICE-2 1192j18 1587 bp
NICE-3 3038m19 1586 bp
NICE-4 3114f17 1820 bp
NICE-5 1025p19 752 bp
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