
The evolution of a genetic locus encoding small serine proteinase
inhibitors ⋆

Adam Claussa,*, Hans Liljaa,b, and Åke Lundwalla
a Department of Laboratory Medicine, Clinical Chemistry, Lund University, University Hospital MAS,
Malmö, Sweden

b Memorial Sloan-Kettering Cancer Center, Departments of Clinical Laboratories, Urology, and Medicine,
New York, NY, USA

Abstract
We previously identified a locus on human chromosome 20 that encompasses 14 genes of postulated
WFDC-type proteinase inhibitors with a potential role in innate immunity. In an extended study,
homologous loci are here described on mouse chromosome 2, rat chromosome 3, and dog
chromosome 24. As in humans, the murine and canine loci are divided into two sub-loci separated
by 0.2 Mb. The majority of genes are conserved in all species, but there are also species-specific
gains and losses of genes, e.g., several duplications have yielded four SLPI genes in the rat and, most
surprisingly, there is no murine elafin gene. Two human pseudogenes were identified due to the
discovery of functional rodent genes. The conservation of different WFDC domains varies
considerably, and it is hypothesized that this reflects a dual role of WFDC inhibitors in natural
immunity, which is directed both against microbes and proinflammatory cells.
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A characteristic structural motif consisting of four conserved disulphide bridges was first
discovered in whey acidic protein (WAP), the major protein in milk whey of rodents [1]. The
same motif is present in several other secreted proteins containing what is now known as a
WAP four-disulphide core (WFDC) domain. Notably, the WFDC domain is present in some
small serine proteinase inhibitors, such as secretory leukocyte protease inhibitor (SLPI) and
elafin (also known as PI3) [2,3]. The WFDC domains of these proteins are composed of around
40 amino acid residues that form a relatively flat structure, with the peptide chain folded into
a central two-stranded β-sheet surrounded by two peptide strands that are joined at one end of
the molecule, forming a looped structure that binds to the active site and inhibits serine
proteases [4,5]. The target enzymes of SLPI and elafin are endogenous proteases like elastase
and cathepsin G, secreted by proinflammatory cells. Presumably, they also inhibit exogenous
proteases secreted by microorganisms, as they display anti-bacterial, anti-fungal, and anti-viral
properties [6,7]. However, it has been suggested that some of the anti-microbial properties
might result from a defensin-like mechanism, rather than resulting directly from the protease
inhibition [8]. In any case, the WFDC proteins seem to have a biological role that is closely
related to innate immunity and inflammation.

⋆The novel nucleotide sequence data reported in this paper have been deposited with the GenBank sequence data bank; Wfdc5 AY669505,
Wfdc8 AY669506 and AY757956, Wfdc16 AY541526, Wfdc13 AY542486 and AY542487, and Wfdc16 AY542488 and AY542489.
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In an earlier study, we found that genes encoding SLPI and elafin are homologous to genes of
the major coagulum proteins in semen, e.g., semenogelin I and semenogelin II in human semen
[9,10]. In a more recent analysis of DNA sequences surrounding the semenogelin locus on
human chromosome 20, we discovered a 678-kb region encompassing a total of 14 genes that
code for proteins with WFDC domains [10,11]. Among them are the previously known genes
of SLPI, elafin, HE4, and eppin. The typical gene carries a 5′ exon that codes for a signal
peptide, followed by one or more exons that each code for a WFDC domain, and finally a 3′
exon with no or very limited coding information that contains the polyadenylation signal. The
majority of the genes code for a single WFDC domain, but some carry more than one. There
are also examples of mixed inhibitors, like eppin and WFDC8, which—in addition to the
WFDC domain—carry a domain with the sequence motif of a kunitz-type serine protease
inhibitor [11,12].

In this report, we have extended our studies on the WFDC locus to non-primate mammals. The
structural conservation allows an assessment of the relative importance of certain genes and
motifs and it might also provide insights into whether the target enzymes are endogenous or
exogenous proteases. Because of this we have mapped in detail the mouse WFDC locus and
then identified homologous genes in rat and dog. Finally, we have made a comparison of the
locus in humans, mice, rats, and dogs.

Materials and methods
Nomenclature

We have discussed the nomenclature of WFDC-encoding genes with a representative of the
Human Gene Nomenclature Committee and revised the nomenclature used in our previous
publications [10,11]. The gene symbol WAP has been replaced by the approved root symbol
WFDC. In general, the hierarchical numbering used in the previous paper has been left intact,
but there are a few exceptions: the former WAP1 is now WFDC5, the former WAP2 is now
WFDC12, and the former WAP10 and WAP12 are now WFDC10A and WFDC10B, due to the
close relationship of these two genes. Rodent genes are written in italics with a beginning
uppercase letter followed by lower case letters and numbers, as recommended by the Mouse
Gene Nomenclature Committee.

Identification and sequencing of genes and transcripts
Genes encoding WFDC domains were identified in genomic DNA following analysis of six
reading frames as described [11]. RT-PCR was carried out as published [10], with primers
designed from nucleotide sequences located on separate exons to ensure that the size of PCR
products from spliced transcripts differed from those of non-spliced transcripts or chromosomal
DNA (Table 1). The transcripts for DNA sequencing were generated by rapid amplification of
cDNA ends (RACE) with the SMART RACE amplification kit (Clontech, Palo Alto, CA,
USA), essentially as described [11]. The primers were the same as used for the RT-PCR.
Automated DNA sequencing was done on an ABI Prism 3100 Genetic Analyser using the Big
Dye Terminator Cycle Sequencing Ready reaction kit (Applied Biosystems, Foster City, CA,
USA). Nucleotide and peptide sequences were analysed using Emboss (http://
emboss.sourceforge.net), and the signal peptide cleavage sites were predicted by the SignalP
3.0 server at the Center for Biological Sequence Analysis (http//www.cbs.dtu.dk/servises/
SignalP/).

Results
The mouse WFDC locus was assigned to chromosome 2, cytogenic region H3, due to the
presence in this region of Slpi and the genes encoding mouse seminal vesicle secreted proteins
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(SVS). An extended search of the chromosomal region allowed us to identify a locus of 566
kb, encompassing 23 WFDC-coding exons located in 16 genes. Many of the genes were fully
confirmed by expressed sequence tags (EST) retrieved by BLAST search of the mouse EST
database at NCBI (http://www.ncbi.nlm.nih.gov/BLAST/). The remainder, mouse genes,
Wfdc5, Wfdc6b, Wfdc8, Wfdc13, and Wfdc16, were confirmed by DNA sequencing of RACE
products. The majority of the mouse genes were identified as murine orthologues of already
known human genes (supplement 1). As in humans, the mouse locus is divided into two sub-
loci separated by a gap of 206 kb containing unrelated genes. The more centromeric sub-locus
is 179 kb and has Wfdc5 at the 5′ end and Slpi at the 3′ end. It also contains Wfdc12 and the
genes encoding SVS II–VI, the latter in a position that is homologous with that of the human
semenogelin locus. In the human genome, PI3, encoding elafin, is located next to the
semenogelin I gene (SEMG1). In the mouse genome, we could not identify a PI3 at the
homologous position, but instead we found two new WFDC genes further upstream. These
genes are not orthologous with any of the previously characterized human WFDC genes, but
their sequence similarity of 76% suggests that they are the result of a relatively late duplication
—hence, they were given the symbols Wfdc15a and Wfdc15b (supplement 2). A search of the
human WFDC locus with the novel gene sequences identified a human gene, which we
designated WFDC15, that presumably is related to a precursor of Wfdc15a and Wfdc15b, as
the sequence similarity is the same to both of them (Fig. 1A). Several mutations were identified
that drastically affect the translation product of the human gene: a mutated start codon resulting
in a truncation of the signal peptide and a deletion leading to a shift of reading frame that
corrupts the WFDC motif and also leads to a premature stop of translation. These features
indicate that human WFDC15 is a pseudogene.

The more telomeric sub-locus is 180 kb and extends from Wfdc2 on the centromeric side to
Wfdc3 on the telomeric side. The organization is the same as that of the human telomeric sub-
locus, and we identified orthologues to all genes present in the human sub-locus, with the
exception that there is only one Wfdc10—the duplication leading to WFDC10A and
WFDC10B occurred after the split of the lineages leading to murines and primates. Two new
genes were also discovered at the murine telomeric sub-locus. One of these is located 12 kb
downstream of Wfdc8 and seems to be the result of a duplication of WFDC6. The novel gene
Wfdc6b is 91% similar in sequence to the gene, Wfdc6a, located at the same relative position
as the human WFDC6 (supplement 3). Like their neighbouring genes Wfdc8 and Spin-lw1
(encoding eppin), the two mouse Wfdc6 genes each code for a kunitz domain in addition to the
WFDC domain. A homologous sequence was also identified in human WFDC6, but mutations
affecting the reading frame and one of the conserved Cys codons suggest that the exon is a
pseudoexon (Fig. 1B). This was also verified by several failed attempts to amplify a transcript
encompassing both the kunitz and the WFDC domain by RT-PCR with RNA from epididymis
or testis. The second new mouse gene at the telomeric sub-locus is situated 15 kb upstream of
Wfdc9. The gene, Wfdc16, differs from most other genes at the locus by having an extra exon
located between the WFDC-coding exon and the 3′ exon containing the polyadenylation signal.
The nucleotide sequence of Wfdc16 was used for a search of the human WFDC locus, which
led to the identification of the corresponding human gene (Fig. 1C). However, the human
WFDC16 contains several mutations—affecting both the splice acceptor site and the coding
sequence of the exon of the WFDC domain—that indicate it is a pseudogene.

In addition to the novel genes, we also found that several of the WFDC genes were differently
organized in mice and humans. The WFDC3, which in humans contains four WFDC-coding
exons, has only the last two in mouse. Sequences that are homologous with the first two exons
of human WFDC3 were found in the mouse gene, but they are presumably pseudoexons as
they carry several in-frame stop codons (supplement 4). Another example of a truncated mouse
gene is Wfdc13, which is lacking the two last exons of the human gene. Instead, the same exon
that codes for the WFDC domain also carries the stop codon and all 3′ non-translated
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nucleotides. We also found mouse genes that carried more exons than their human counterparts.
Mouse Wfdc2, encoding epididymal protein HE4, has an extra exon located between the two
exons that code for WFDC domains. In mouse Wfdc8, there is a second exon that is not present
in the human gene and that carries the initiation Met and codes for 38 amino acid residues.
Analysis of the predicted amino acid sequence suggests that the protein is not preceded by a
signal peptide. We also detected two splice forms of mouse Wfdc8 that differ due to the presence
or absence of the third WFDC domain.

The locus on rat chromosome 3 is very similar to that of the mouse and almost all genes are
preserved, including the duplicated Wfdc6 and the novel genes Wfdc15a, Wfdc15b, and
Wfdc16 (Fig. 2). However, we could not find a Wfdc13 orthologue. A most interesting finding
is that there have been multiple duplications of SLPI that seem to be unique to the rat. This has
resulted in four genes, designated Slpi1–4, with paralogous WFDC domains that are 58–95%
similar in sequence (supplement 5). The N-terminal half of the molecules, encompassing the
protease binding site, is less conserved than the C-terminal half that carries the residues of the
core β-sheet. The second WFDC domain of Slpi4 contains the amino acid sequence
CLMLNPPN, which is identical to the conserved elastase-binding loop of human, dog, and
mouse SLPI.

The dog genome is less completely sequenced than those of the other species. As a
consequence, there are some ambiguities at the dog WFDC locus with respect to the localization
of contigs and genes, e.g., WFDC5 and PI3 are juxtaposed and not intervened by WFDC15
which is located on another contig, while the comparison with other species suggests that
WFDC15 should be located between WFDC5 and PI3. However, from the available data it can
be concluded that the dog locus on chromosome 24 is more similar to the human than to the
rodent locus, e.g., there are PI3 and WFDC10B orthologues, WFDC3 carries four WFDC
domains, and WFDC6 is not duplicated. Major differences from the human locus are that
WFDC15 presumably is expressed and that there seems to be no dog WFDC12. We also
discovered two dog WFDC9 genes that may be the result of a canine-specific duplication, as
they show 90% sequence conservation in the exon that codes for the signal peptide. Both are
probably pseudogenes, as the exon encoding the WFDC domain either contains deleterious
mutations or is missing. The dog locus also contains three canine WFDC genes that were
assigned to WFDC16 because of homology with the human pseudogene. These are probably
functional genes, as each carries an exon that codes for a typical WFDC motif, which is
surrounded by correct splice donor and acceptor sites. The sequence similarity of the genes
ranges between 83% and 90% in nucleotides flanking the WFDC motif, while the WFDC
motifs display a conservation of only 37–63%. Another interesting duplication was found on
the contig that also contains WFDC15. It carries a sequence that is 74% similar to a 2 kb region
of PI3, encompassing a part of the second intron, the third exon, and the 3′ flanking sequence.
Located upstream of this sequence is an exon that codes for a WFDC domain that is only 47%
similar to the domain in PI3. Further upstream there is no similarity at all with PI3—thus, there
seems to have been a duplication of PI3 that was followed by recombination that eliminated
the 5′ part of the gene.

A comparison of WFDC sequences from different species provided some interesting results.
As might be expected, the conservation of the WFDC domains varies. Some of them, e.g.,
WFDC12, WFDC9, and the amino-terminal domain of WFDC8, display a rapid evolution;
only around half of the amino acid residues are conserved. In contrast, close to 80% of the
residues are retained in the preserved C-terminal domains of WFDC3 (Table 2). Another
interesting observation is that amino-terminal domains are less conserved than C-terminal
domains in most of the proteins that contain multiple WFDC domains.
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Discussion
In this study, we have characterized the WFDC loci of mouse, rat, and dog. With the
information already available on the human counterpart, the organization of the locus is now
known in four mammalian species. The general layout of the WFDC locus, with the division
into two sub-loci, is conserved in all species. The rodent homologues of the human centromeric
sub-locus also contain the genes of the seminal vesicle secreted proteins SVS II–VI. At the
human sub-locus, the equivalent position is occupied by the genes encoding semenogelin I and
II (SEMG1 and SEMG2), further supporting the earlier proposal that the seminal vesicle
secreted proteins in humans and rodents are related, in spite of a very limited—or even absent
—similarity in primary structure [13]. The conserved location of the seminal vesicle-expressed
genes at the WFDC locus also lends support to the hypothesis that they have evolved from a
progenitor that was a WFDC gene [11]. In the dog, we could not identify equivalents to the
genes encoding seminal vesicle secreted proteins—which came as no surprise as dogs lack
seminal vesicles. However, recent studies have shown expression of semenogelin I and II in
several human tissues outside of the male genital tract [14], and the existence of a dog
homologue is therefore not fully ruled out; it might have escaped recognition due to gaps in
the available nucleotide sequences.

A recent paper described two novel mouse cDNAs that code for WFDC proteins [15]. The two
proteins, designated SWAM1 and SWAM2, are identical to the products of mouse Wfdc15b
and Wfdc12 in this report. In the same paper, it was suggested that the human orthologue of
SWAM1 is the product of the predicted gene LOC149709, situated between SEMG2 and
SLPI. The predicted transcript (Accession No. XM_086637) does not code for a WFDC motif,
but inserting one nucleotide and substituting another would create a sequence that can be
translated to yield the human SWAM1 motif described by Hagiwara et al. These mutations—
and at least two more that affect the formation of a proper signal peptide—prohibit the synthesis
of a functional WFDC inhibitor. Therefore, we assume that LOC149709 is a pseudogene that
is only distantly related to SWAM1/Wfdc15b and that the closest relative in humans is the
WFDC15 pseudogene.

Several of the genes at the locus display rapid evolution, as revealed by the poor conservation
of certain WFDC domains due to point mutations. However, there are other mechanisms that
have also created large differences between proteins originating from orthologous genes.
Splicing has, for instance, created a rodent HE4 that contains a unique structure at the centre
of the molecule [16,17]. A second example of splice-dependent species variation is seen in
WFDC8. In the human gene, the signal peptide was predicted to originate from codons located
in the first and the second exons. In the mouse gene, the first exon is presumably non-translated
as there are in-frame stop codons. Instead, the translation starts in the second exon [11], which
is not present in the human gene. Coding then proceeds in the third exon and gives rise to a
long stretch of hydrophobic residues that is followed by a site with homology to the predicted
signal peptidase cleavage site of human WFDC8. The predicted signal peptide of human
WFDC8 is unusually long and in the mouse protein it would be even longer. Furthermore, the
signal peptide of WFDC8 is also unique in that it is encoded by two exons, whereas it is a
single exon in the other WFDC genes at the locus. All this suggests that Wfdc8 may not have
a signal peptide and that the hydrophobic sequence close to the amino terminus could instead
serve as membrane anchor of a type II integral membrane protein.

As might have been expected, the WFDC loci of rat and mouse are very similar. It was therefore
a great surprise to detect four Slpi paralogues in the rat. One of the protein products (Slpi4) is
presumably an elastase inhibitor, as it carries the conserved protease binding loop in the second
WFDC domain. The remaining three rat Slpi probably encode protease inhibitors with less
affnity for elastase, but as they are unique to the rat they presumably also regulate the activity
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of serine proteases that are specific to the rat. In a recent analysis of the rat glandular kallikrein
locus, we demonstrated that several simple serine proteases, closely related to tissue kallikrein,
are specific to the rat [18]. We have previously hypothesized about a linkage between the
WFDC locus and the kallikrein locus on human chromosome 19. It is therefore reasonable to
speculate that the novel Slpi-related molecules in the rat may regulate the activity of rat-specific
glandular kallikreins.

As expected from the phylogeny, the dog WFDC locus is more similar to the human than to
the rodent locus. However, it was a surprise to find that one of the major differences between
the human and canine loci is that the latter is lacking WFDC12. We have previously
demonstrated that this gene is highly expressed in the human prostate [10]. Because of the
similarity in anatomy and physiology of the prostate in humans and dogs—with development
of benign hyperplasia and cancer of the prostate as unique consequences [19]—one would have
expected conservation of genes expressed in the prostate. Perhaps the neighbouring
WFDC15, which is silenced in humans, has taken over the role of WFDC12 in the dog.
However, one should also bear in mind that there might have been errors in the assembly of
DNA sequences into the contig predicted to hold dog WFDC12. In humans, the genes are
located in the order WFDC5, WFDC12, WFDC15-ps, and PI3. The dog contig that is
homologous with this region only carries WFDC5 and PI3; WFDC15 is located on another
contig. This implies that there might be errors afflicting the DNA sequence in the region where
WFDC12 is expected to reside. Thus, a dog WFDC12 should not be excluded until the DNA
sequence of this genomic region is finalized.

Several studies have demonstrated important roles of SLPI and elafin in natural immunity to
microbial infection. In more recent studies, both eppin and SWAM1 have also displayed anti-
bacterial properties [15,20]. These results indicate that genes at the WFDC locus are anti-
microbial and part of the innate immune system. Many anti-microbial defence molecules
display a rapid evolution, e.g., as seen with defensins [21]. We found rapid evolution among
some of the WFDC genes as well, and an attractive hypothesis could be that the sequence
variation is the result of adaptation to proteolytic challenges from microorganisms that are
endemic to different animal species. However, there are also examples of very conserved
WFDC domains, and one could speculate that these regulate conserved endogenous proteases
secreted at sites of inflammation. Thus, WFDC proteins could have a dual role in natural
immunity by simultaneously inhibiting microbial proteases to prevent microbial invasion and
inhibiting proteases from proinflammatory cells to regulate the magnitude of the inflammatory
response. The known properties of SLPI are in favour of this hypothesis [22], as the C-terminal
domain inhibits elastase secreted from proinflammatory cells, while the N-terminal domain
displays anti-tryptic activity of unknown specificity that could very well be directed against
proteases of microbial origin. Future studies, focused on the inhibitory spectrum of WFDC
proteins coupled to their anti-microbial and anti-inflammatory properties, will reveal the full
importance of products from this recently discovered genetic locus in innate immunity.

Supplementary materials
Refer to Web version on PubMed Central for supplementary material.
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Fig 1.
The nucleotide sequences were aligned using the program bl2seq. Exon sequences are written
in capital letters and translations are given with the one-letter code. Gaps are indicated by dots
and conserved nucleotides are indicated by vertical bars. The conserved Cys residues are
indicated by bold letters. (A) Identification of a human pseudogene with homology to
mouseWfdc15a andWfdc15b. The frame-shifting deletion and the mutation of the Cys codon
are indicated by shaded boxes. (B) Identification of a pseudoexon in humanWFDC6, with
homology to exons encoding the kunitz domain of mouse Wfdc6a and Wfdc6b. The frame-
shifting insertion and the mutated nucleotide of the conserved Cys codon are shaded. (C)
Identification of a human pseudogene with homology to mouseWfdc16. The mutated splice
acceptor site and the two in-frame stop codons are shaded.
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Fig 2.
Schematic illustration of the WFDC loci in man, mouse, rat, and dog. Equally sized arrows
indicate the direction of transcription and approximate location of the genes. Black arrows
indicate functional genes and arrows shaded in grey indicate pseudogenes. The horizontal bars
illustrating the dog locus symbolize DNA contigs of the genomic sequence, which is not yet
fully assembled. (A) Loci homologous with the human centromeric sub-locus. Semen
coagulum proteins are illustrated with unfilled arrows. (B) Loci homologous with the human
telomeric sub-locus. The broken line of the dog locus symbolizes the DNA contigs, which are
not fully assembled.
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Table 1
Sequences of the oligonucleotides used as primers for RT-PCR and RACE

Gene Direction Sequence 5′ → 3′

Wfdc5 Forward
Reversed

CCTGGCTTTGGAGACTCACTTGCCT
TGGCACAGCACCGCTTCTTGCCTGAGCA

Wfdc8 Forward
Reversed

CGGACTTCAACTGTAAGGCGCATTTCA
CATGCAAGCGTTTCTACAGTCAGTCTTGG

Wfdc6b Forward
Reversed

CTGTGGAGCATCCAGGAACCTGCGCT
GCTGAGGTCCAGGCATTTCCTCCCACA

Wfdc16 Forward
Reversed

CGTTAGGCCTGCCAGTGTTGGCAAGATGGAA
GCAGCAGTGAAAGTCCTGCTCACAGTCC

Wfdc13 Forward
Reversed

GACCTGTGTCACCTTTGCAGCTCCTGCT
AGCACTGAAGCGGTTCAGGGCATTCCTC
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Table 2
Similarity of WFDC domains, presented as percent identical amino acids in aligned human (H), mouse (M), rat
(R), and dog (D) sequences

WFDC5d1 WFDC5d2 WFDC12 WFDC15a WFDC15b

M R D M R D M R D M R Da M R Da

H 63 68 78 81 81 73 54 65 — — — — — —
M 82 58 86 65 76 — 89 68 76 57
R 65 68 — 70 62

elafin SLPId1 SLPId2 HE4d1 HE4d2

M R D M Rb D M Rb D M R D M R D

H — — 76 66 68 54 58 63 76 51 46 83 73 73 80
M — — 87 56 79 53 80 57 92 65
R — 54 61 51 68

WFDC6a WFDC6b Eppin WFDC8d1 WFDC8d2

M R D M R D M R D M R D M R D

H 57 54 54 47 51 — 70 70 82 54 49 57 70 70 73
M 95 49 74 42 86 66 81 41 100 78
R 49 57 63 38 78

WFDC8d3 WFDC16 WFDC9 WFDC10a WFDC10b

M R D M R D M R D Mc Rc D Mc Rc D

H 78 75 75 — — — 75 72 — 66 74 60 54 51 69
M 92 72 71 34 92 — 80 66 — 56
R 69 37 — 69 56

WFDC11 WFDC13 WFDC3d3 WFDC3d4

M R D M R D M R D M R D

H 61 64 81 55 — 73 85 88 85 82 82 88
M 94 61 — 70 97 88 97 85
R 61 — 85 85

The suffxes d1 to d4 indicate the individual WFDC domains in multidomain proteins. A dash indicates that no comparison was made due to a missing
domain in one of the species.

a
The single dog WFDC15 is used in both comparisons.

b
Comparison is made using rat Slpi4.

c
The single mouse and rat Wfdc10 is used in both comparisons.
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