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Abstract We cloned and sequenced a mouse gene en-
coding a new type of membrane bound serine protease
(epithin) containing a multidomain structure. The ini-
tial cDNA clone was found previously in a polymerase
chain reaction (PCR)-based subtractive library gener-
ated from fetal thymic stromal cells, and the message
was shown to be highly expressed in a thymic epithelial
nurse cell line. A clone isolated from a severe com-
bined immunodeficiency (SCID) thymus library and
extended to its full length at the 5’ end with the RACE
technique contains an open reading frame of 902 amino
acids. Based on the sequence of this clone, the pre-
dicted protein structure is a type II membrane protein
with a C-terminal serine protease domain linked to the
membrane by four low density lipoprotein receptor
modules and two CUB domains. High message expres-
sion by northern blotting was detected in intestine, kid-
ney, lung, SCID, and Rag-2–/– thymus, and 2-deoxygua-
nosine-treated fetal thymic rudiment, but not in skele-
tal muscle, liver, heart, testis, and brain. Sorted MHC
class IIc and II– fetal thymic stromal cells were positive
for expression by reverse transcriptase-PCR, whereas

CD45c thymocytes were not. The gene was found in
chicken and multiple mammalian species under low
stringency Southern hybridization conditions. Under
high stringency conditions, only a single gene per ha-
ploid genome was identified in the mouse. This gene,
Prss14 (protease, serine, 14), was mapped to mouse
chromosome 9 and is closely linked to the Fli1 (Friend
leukemia integration 1) gene.
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Introduction

Thymic stromal cells, especially thymic epithelial cells,
play important roles in thymopoiesis, and they produce
signals for thymocyte survival, migration, selection, and
death (Boyd and Hugo 1991; Boyd et al. 1993; van
Ewijk 1991). Our knowledge of the expressed genes as-
sociated with thymic stromal function is rather limited.
One of the few known useful examples is the nude mu-
tation (Nehls et al. 1994, 1996). Mice with this mutation
lack a thymus because of a defect in epithelial cell func-
tion at an early stage of development (fetal day 11). In
order to generate more molecular reagents to study
mouse thymic stromal cells, we previously generated a
polymerase chain reaction (PCR)-based subtractive
cDNA library from isolated fetal thymic stromal cells
(Kim et al. 1998). Among the newly identified genes,
TSO-3.39 (TSO for thymic stromal origin) was ex-
pressed in the severe combined immunodeficiency
(SCID) thymus and a thymic epithelial cell line corre-
sponding to a nurse cell, but not in several other types
of thymic epithelial or fibroblast cell lines. In this paper
we present the sequence of the full-length cDNA, a
more extensive tissue expression pattern, the predicted
features of the protein, and the chromosomal map-
ping.
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Materials and methods

Cells, tissues, and mice

SV40-transformed thymic epithelial cell lines (Faas et al. 1993)
from transgenic animals expressing the SV40 T antigen were the
kind gift of B. Knowles, Jackson Laboratory, Bar Harbor, Me.
The Tst1 thymic epithelial cell line derived from a P53 knock-out
mouse was the generous gift of M. Sitkovsky, LI, NIAID, NIH,
Bethesda, Md. The NIH3T3 and AKR6.1 cell lines were obtained
from the ATCC (Rockville, Md.). The 2B4 T-cell hybridoma was
developed in our laboratory by L. Samelson (Samelson and
Schwartz 1983).

Fetal thymii of 14.5 days gestation were obtained from timed
matings of C57BL/6 (B6) mice (NCI, Frederick, Md.). The day of
appearance of the vaginal plug was counted as day 0. C.B-17 mice
bearing the SCID mutation were bred in our animal facility
(NIAID, Frederick, Md.). Mice bearing the RAG-2–/– targeted
mutation were obtained from the laboratory of F. Alt (Shinkai et
al. 1992) and derived into our breeding colony at Taconic Farms,
Inc. by embryo transfer. They were backcrossed onto the C57BL/
10 background and used at generation N11. Crude thymic stroma
from adult thymuses of normal or SCID animals were prepared
by washing the thymocytes away from the fibrous stromal tissue
after dispersing and filtering the organ through a nylon mem-
brane. Purified thymic stromal cells and CD45c thymocytes were
sorted in the NIAID flow cytometry unit from fetal thymic organ
cultures (FTOC), treated or not with 2-deoxyguanosine, using
anti-I-Ab PE (AF6-120.1, Pharmingen, San Diego, CA) and anti-
CD45 FITC (30F11.1, Pharmingen) (Kim et al. 1998). Purity of
the sorted cell populations was 99.4% for CD45c cells and
greater than 94% for the MHC IIc stromal cells.

Cloning of the full length cDNA

A 0.4 kilobase (kb) cDNA clone (TSO3.39) from a PCR-based
subtractive thymic stromal cell cDNA library was used to screen
another cDNA library prepared from thymuses of mice with the
severe combined immunodeficiency (SCID) mutation (protein ki-
nase, DNA activated, catalytic polypeptide mutation, Prkdcscid).
Among 15 isolated clones, the longest cDNA from the SCID thy-
mus library was 1.8 kb (pBK3.39.11b, inserted at the Eco RI and
Xho I sites of the vector), but it was still missing the 5’ end of the
cDNA. The 5’ end (1.5 kb) was generated by the rapid amplifica-
tion of cDNA end (RACE) method from an adaptor-ligated
SCID thymus cDNA pool generated by using a Marathon cDNA
Amplification Kit (Clontech, Palo Alto, CA). RACE76, one of
four independent clones, was then cut and pasted at a unique Bcl
I site which generates a 75 base pair (bp) overlap between the two
clones. Oligonucleotide sequences used for the RACE primers
were TGGCATTGCATCGGCAGTAAC (339 Race6) and
CACGGGTCGTTGGAGTCGTAG (339 Race5). The amplifica-
tion was carried out for 25 cycles at 94 7C for 30 s and 68 7C for
4 min using a mixture of Taq and pfu polymerases (Stratagene,
La Jolla, CA).

DNA sequencing

Cycle sequencing was performed using the ABI prism dye-termi-
nator sequencing kit according to the standard protocol with
0.4 mg of plasmid DNA prepared with a Qiagen miniprep kit
(Qiagen, Valencia, CA) using T3 and T7 sequencing primers, or
internal primers.

Database search, primary sequence analysis, and sequence
alignment

The sequence similarity searches (BLAST) of the nonredundant
data base managed by NCBI were carried out using Blast Client

1.4 (W. Gilbert of the Whitehead Institute for Biomedical Re-
search) or using the Blast Enhanced Utility Program (BEUTY) at
the BCM server (http://kiwi.imgen.bcm.tmc.edu). Multiple nu-
cleotide sequence assembly was performed using AssemblyLIGN
1.0 (IBI). ClustalW alignments of multiple amino acid sequences
were done starting with the PAM or BLOSUM programs in Mac-
Vector 6.0 (Oxford Molecular Group, Campbell, CA). Codon
preference profile was checked with CodonUse 3.5.3 developed
by Dr. Conrad Halling (chhall6bb1t.monsanto.com). The mem-
brane topology was analyzed using TopPred II (Claros and von
Heijne 1994) and PSORT at the Nakai server (http:/
/psort.nibb.ac.jp).

Northern blot analysis

Total RNAs from mouse tissues were prepared using Trizol (Mo-
lecular Research Center, INC, Cincinnati, OH) according to the
manufacturer’s instructions. Poly Ac mRNAs were prepared us-
ing a FastTrack 2.0 kit (Invitrogen, Carlsbad, CA). Ten micro-
grams of total RNA or 2 mg of polyAc mRNA was electrophor-
esed on a formaldehyde containing 1.0% agarose gel and blotted
onto a nylon membrane, Nytran maximum strength (Schleicher
and Schuell, Keene, NH). The membrane was hybridized with a
[a-32P] dATP-labeled probe (the 1.8 kb Eco RI to Xho I frag-
ment of pBK3.39.11b) in QuikHyb solution (Stratagene) for 2
hours and washed twice with 2! SSC-0.1% SDS, once with 0.1!
SSC-0.1% SDS, each time at 65 7C for about 20 minutes, and then
analyzed with a phosphor imager (Molecular Dynamics, Sunny-
vale, CA). The experiment in Fig. 1B was done with a multiple
tissue Northern blot membrane prepared with polyAc mRNA
from mice (Clontech).

Reverse transcriptase-polymerase chain reaction

MHC class IIc and MHC class II– thymic stromal cells were pre-
pared by sorting cell suspensions made from 2-deoxyguanosine-
treated fetal thymic organ cultures (FTOC) (Kim et al. 1998).
CD45c thymocytes were prepared by sorting cells from parallel
FTOC not treated with 2-deoxyguanosine. Total RNA was pre-
pared from sorted cells and resuspended at a concentration equi-
valent to 1000 cells/ml. Twenty-five microliters of each of these
RNAs or 10 mg of total RNA from either deoxyguanosine-treated
thymus or SCID thymus were reverse transcribed using MMTV
RT (Stratagene) in a total volume of 50 ml. One microliter of each
generated cDNA was then amplified with Tag2000 (Stratagene)
using epithin-specific primers (Forward 5’ primer #6: nucleotides
2432–2454, AGAAGGGTGAGATCCGTGTCATC and Back-
ward 3’ primer #22: nucleotides 2902–2878, AAGTTCTCTCTC-
CAACTCTTGAGGG). The sequences of primers used for the
GAPDH controls are GGTGAAGGTCGGTGTGAACGGA for
the 5’ primer, and TGTTAGTGGGGTCTCGCTCCTG for the 3’
primer.

Southern blot analysis

A Zoo-Blot (Clontech) containing Eco RI-digested genomic
DNAs from eight eukaryotic species: human, monkey, rat, mouse,
dog, cow, rabbit, and chicken was probed with the whole insert
(1.8 kb Eco RI to Xho I fragment) of pBK3.39.11b. For the low
stringency analysis, the filter was washed in 2! standard sodium
citrate (SSC)-0.1% sodium dodecyl sulfate (SDS) at 65 7C, and for
the high stringency analysis, in 0.1! SSC-0.1% SDS at 65 7C.

Chromosomal localization

TSO-3.39 was mapped by analysis of two sets of genetic crosses:
(NFS/N or C58/J X M. m. musculus) X M. m. musculus (Kozak et
al. 1990), and (NFS/N X M. spretus) X M. spretus or C58/J (Ad-
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Fig. 1A–E The mRNA expression pattern in different cell lines
and tissues with the TSO-3.39 probe. The northern blots were
carried out with 2 mg of polyAc RNA or 10 mg of total RNA
from the tissues indicated at the top of each gel. Big arrows indi-
cate the major message, and small arrows indicate occasional ad-
ditional bands that were observed. For all experiments, GAPDH
was used to normalize for the amount of RNA loaded. All the
samples except testis showed a single GAPDH message. A Ex-
pression is restricted to a thymic nurse cell line. PolyAc RNA
from NIH3T3 (fibroblast line), Tst1 (a thymic epithelial cell line
derived from a p53 knock-out mouse), 427.1.86 (thymic nurse cell
line derived from an SV40 T-antigen transgenic mouse), 6.1.1
(thymic medullary epithelial line from the same transgenic
mouse), AKR6.1 (a thymoma line with thymocyte characteris-
tics), and 2B4 (a T-cell hybridoma) were used. B Expression in
various tissues from adult mouse. A multi-tissue northern blot
membrane (Clontech) is shown containing 2 mg of polyAc RNA
from the tissues listed above the blot. C Expression in more tis-
sues and various fractions of SCID, Rag-2–/–, or normal thymus
using total RNA. The crude thymic stroma were prepared by har-
vesting the cells remaining after removing thymocytes through a
nylon mesh. D Comparison of the expression of RNA from thy-
muses of normal and SCID mice. The TSO-3.39 message can also
be detected in the RNA from normal thymus, but only after a
longer exposure. This is not shown because it interferes with the
identification of the two bands in the SCID thymus. E RNA from
fetal thymus organ cultures with or without 2-deoxyguanosine
(dGuo)

amson et al. 1991). DNAs from the progeny of these crosses were
typed for over 1000 markers which map to all 19 autosomes and
the X chromosome.

Data were stored and analyzed using the program LOCUS.
Percent recombination and standard errors between specific loci

were calculated from the number of recombinants according to
Green (1981). Loci were ordered by minimizing the number of
recombinants.

Results and discussion

Among the genes from a PCR-based subtractive thymic
stromal cell cDNA library generated from the cells of
deoxyguanosine-treated fetal thymic organ cultures, a
0.4 kb clone, TSO-3.39, showed an interesting expres-
sion pattern when tested by northern blot analysis
(Kim et al. 1998). In the initial screening, we used five
transformed thymic stromal cell lines (Faas et al. 1993),
as well as two fibroblast cell lines, in order to identify
genes that potentially were specifically expressed in
subtypes of thymic stromal cells. TSO-3.39 expression
was detected only in the nurse cell type thymic epithe-
lial cell line (427.1.86 cell) on a northern blot using to-
tal RNA. Figure 1 A shows a similar analysis done on a
northern blot with 10-fold-enriched poly Ac RNA.
Again mRNA expression was restricted to the thymic
nurse cell line. No message was detected in a fibroblast
line (NIH3T3), other types of thymic epithelial cell
lines (Tst1 and 6.1.1), a T-cell thymoma (AKR6.1) or a
T-cell hybridoma (2B4). Overall, the limited expression
pattern suggested that the gene might play a unique
role in this specialized epithelial compartment in the
thymus. Nurse cells are known to be involved in thymic
selection (Lahoud et al. 1993). In particular, the
427.1.86 cell line has been shown to function in the po-
sitive and negative selection of T cells when injected
intrathymically (Vukmanovic et al. 1992; Vukmanovic
et al. 1994a, 1994b).

A more extensive analysis of the steady state level of
TSO-3.39 message expression in different tissues was
performed by northern blotting using either poly Ac

RNA or total RNA (Fig. 1B-E). TSO-3.39 expression
was most prominent in the intestine and the kidney,
and a weak band was observed with RNA from the
lung (Fig. 1B, C). No bands were detected with RNA
from the brain, heart, liver, testis, or skeletal muscle.
Thymus and spleen gave very weak signals, which were
clearly visible on longer exposure (data not shown). By
contrast, RNA from SCID and Rag-2–/– thymuses
showed strong expression of TSO-3.39 (Fig. 1C, D).
These mice lack fully developed T and B cells (Bosma
and Carroll 1991; Bosma et al. 1983, 1988), because of a
defect in the joining of their antigen-specific receptor
genes (Kim et al. 1988; Kirchgessner et al. 1995; Lieber
et al. 1988). Thus, their thymuses would be enriched in
stromal cell content compared to a normal thymus.

To more directly assess which cells in the thymus are
expressing TSO-3.39, we fractionated SCID thymus
into a thymocyte cell suspension and stromal cells.
RNA from the stromal cells showed a strong band on
northern blotting, while RNA from the thymocytes
showed only a weak band (Fig. 1C). Stromal cells iso-
lated from normal adult thymus also expressed TSO-
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Fig. 2 TSO-3.39 expression detected by RT-PCR in fractionated
thymic cells. Single-cell suspensions of MHC class IIc and MHC
class II– stromal cells, and CD45c thymocytes were prepared by
FACS sorting. The results with 0.2 mg of total RNA from dGuo-
treated thymic rudiments and SCID thymus are shown as positive
controls. The PCR product from GAPDH message is shown at
the bottom

Fig. 3 Primary amino acid sequence of the open reading frame.
The predicted transmembrane region (amino acids 56–76) is
boxed with double lines. The area of the LDLR domains is boxed
with a dotted line. The area of the serine protease domain is
boxed with a dark line. The active site motifs in the serine pro-
tease domain are underlined with dotted lines. Potential sites for
N-linked sugars are shown as an underlined N (N107, N302, N365,
N421, N489, and N772)

3.39. In addition, expression was about 10-fold more in
the thymic rudiment generated from FTOC treated
with 2-deoxyguanosine compared to organ cultures not
treated with the drug (Fig. 1E). 2-deoxyguanosine de-
pletes thymocytes, leaving only thymic stromal cells. It
was the source of our original subtractive cDNA libra-
ry. These data support the idea that TSO-3.39 expres-
sion is limited to the thymic stromal compartment.

The size of the major message on the northern blots
is approximately 3 kb. It should be noted, however,
that there are extra bands in some tissues with different
levels of expression of each form. In the intestine,
SCID thymic stroma, and Rag-2–/– thymus, there are
additional smaller and larger bands, while in the thymic
nurse cell line 427.1.86 and in the SCID thymus there is
only an additional larger band. These different forms of
the mRNA could result from alternative splicing or be
due to alternative polyadenylation sites. These possibil-
ities remain to be investigated.

Reverse transcriptase-polymerase chain reaction
detection of TSO-3.39 expression in thymus
subpopulations

In order to verify that TSO-3.39 was expressed in thym-
ic stromal cells and not in CD45c thymocytes, we iso-
lated these cell populations by flow cytometry from
FTOC, after staining with MHC-specific class II and
CD45-specific antibodies (Kim et al. 1998), and tested
the purified cells for expression of TSO-3.39 by reverse
transcriptase (RT)-PCR. As shown in Fig. 2, message
was clearly detected in the MHC class IIc and MHC
class II– thymic stromal cells, but not in CD45c thymo-
cytes. The amount of RNA used in this RT-PCR reac-
tion was isolated from about 500 cells. The positive
controls show the signal from 0.2 mg of total RNA pre-
pared from deoxyguanosine-treated FTOC or SCID
thymic tissue. We conclude from this experiment that
thymic stromal cells of at least two different types ex-
press TSO-3.39 mRNA.

The full-length cDNA sequence

The completed full-length clone, pBK3.39fullc, con-
tained a 3172 bp insert with an open reading frame of
902 amino acids (Fig. 3). The putative initiating me-
thionine codon starts at nucleotide 127 and the termi-
nation codon ends at 2833 (Genebank accession num-
ber AF042822). The Kozak consensus sequence for eu-
karyotic translation initiation ACCATGG is present at
the predicted initiation codon. The open reading frame
was further verified by scanning the whole nucleotide
sequence for codon preferences using CodonUse 3.5.3
(personal communication, chhall6bb1t.monsanto.
com). We will refer to the protein encoded by this
cDNA as epithin.

Protein primary amino acid sequence

The longest open reading frame deduced from the nu-
cleotide sequence encodes a glycoprotein of 902 amino
acids with six predicted N-linked glycosylation sites
(N107, N302, N365, N421, N489, N772) (Fig. 3). The
calculated relative molecular mass of the predicted pro-
tein (epithin) is about 100000 Mr, and the estimated pI
of the core protein is 6.18.

To determine whether the gene encoded a mem-
brane protein and, if so, what was its topological na-
ture, the complete open reading frame was analyzed at
the PSORT server (see Materials and methods). Epi-
thin was predicted to be a type II plasma membrane
protein. Another program used was TopPred II (Claros
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Fig. 4A,B Structural analysis of the protein Epithin. A A dia-
gram of the membrane topology analysis using TopPred II. B Pre-
dicted domain structure of epithin. N-linked glycosylation sites
are indicated at the bottom. TM, transmembrane domain; CUB,
CUB domains; RGD, a single arg, gly, asp sequence; LDLR Mod-
ules, low density lipoprotein receptor ligand binding repeats
(1–4); Serine protease, serine protease domain with the two con-
served catalytic sites shown as black boxes

and von Heijne 1994); it gave a similar result. The accu-
racy of TopPred II is 95% for prokaryotic proteins and
83% for eukaryotic proteins. As shown in Fig. 4A, the
amino acid sequence contained a single definite (“cer-
tain”) transmembrane region spanning residues 56–76.
This program also predicts that the 55 amino acid N
terminus of the protein is inside the cell membrane, i.e.,
epithin is a type II membrane protein.

The mechanism of insertion into the membrane for
these proteins is not well characterized. A large propor-
tion of leukocyte cell surface proteins with enzymatic
activity in their extracellular domains are type II mem-
brane proteins (Barclay et al. 1997). Among them,
CD10, CD13, CD26, and BP-1/6C3 are known to be
proteases. All of these known proteases are also ex-
pressed in epithelial cells of the kidney and gut in addi-
tion to thymic stromal cells. Several of these proteins
were shown to be expressed on thymic stromal cells
that interact with double positive thymocytes (Small et
al. 1996).

Multidomain structure of epithin

A database search for sequence similarities using pre-
dicted amino acid sequences revealed significant
matches with multiple different proteins. Depending on
the parts of the protein sequence put into the search,
the closest matches were quite different. At first glance,
they seemed to be unrelated. The C-terminal region
matched with known serine proteases such as enteroki-
nase (the smallest sum probability of the BLAST

Fig. 5 A ClustalW formatted amino acid alignments of the
LDLR ligand binding modules in the LDL receptor and epithin
starting with the BLOSUM program. B and C ClustalW format-
ted amino acid alignments of the CUB domains. B Comparison of
the epithin domains with the bone morphogenic protein 1 family
and C comparison with seven proteases containing CUB domains.
For B the sources of the protein sequences are: bone morphogen-
ic protein 1 (BMP1) from mouse, human, and xenopus, as well as
the mammalian tolloid homologue from mouse. For C the se-
quences are from: enterokinase from mouse, Ra-reactive factor
serine protease (CRAR) from human and mouse, complement
proteins C1R and C1S from human, the Cacc-dependent serine
protease (CASP) from hamster, which appears to be a homo-
logue of C1S, and blastula protease 10 from sea urchin (BP-10).
The starting number of the amino acid in the putative domain is
shown next to the name of the protein. Dark shading depicts po-
sitions where the amino acid is 185% identical. Light shading de-
picts conservation of chemically similar amino acids

search was 9.9e–59) and mast cell protease 6 (1.3e–58).
The membrane proximal extracellular domain matched
with metalloprotease family members such as the bone
morphogenic protein 1 (2.7e–14) and the Drosophila
tolloid homologue (1.3e–11). The middle portion of the
extracellular region matched with LDL receptor family
members including megalin (1.4e–43). Therefore, we
divided epithin into five separate domains: the cyto-
plasmic, N-terminal domain (amino acids 1–55), the
transmembrane domain (amino acids 56–76), the mem-
brane proximal extracellular region containing 2 CUB
domains (amino acids 77–450), the region containing
the LDL receptor ligand binding modules (amino acids
451–600), and the C-terminal serine protease domain
(amino acids 601–902) as shown in Figs. 3, 4B.

In the putative protease domain there are two con-
served amino acid sequences (VSAAHC and
GDSGGP shown in Figs. 3, 4B). All members of the
trypsin family of serine proteases contain these se-
quences, except for a few cases in which the first glycine
is missing (Prosite, PDOC00124, Rawlings and Barrett
1994). If a protein contains both the serine (GDSGGP)
and the histidine (VSAAHC) active site motifs in the
catalytic domain, the probability of it being a trypsin
family serine protease is 100% (Prosite, PDOC00124).

The putative LDL receptor modules found in epi-
thin are compared in Fig. 5A with the seven known
LDL receptor ligand binding modules from the LDL
receptor. The six conserved cysteines (positions C3,
C11, C18, C26, C32, and C43 in Fig. 5A) are all present
in the epithin repeats. The amino acids that are known
to be involved in the coordination of calcium (D27,
D31, D37, and E38 in Fig. 5A) are also present in their
conserved positons. A recent crystallographic study of
the LDL receptor has suggested the importance of
these conserved cysteines and acidic residues for prop-
er folding and lipoprotein binding (Fass et al. 1997).

The membrane proximal extracellular region con-
tains two conserved amino acid blocks called CUB do-
mains (Prosite, PDOC00908) which we identified in a



425



426

Blocks data base search (Blksort server at http:/
/www.blocks.fhcrc.org/blocks). The CUB domain was
previously defined as an extracellular domain of ap-
proximately 110 residues that is found in functionally
diverse, mostly developmentally regulated proteins and
that contains two pairs of conserved cysteines (Bork
1991; Bork and Beckmann 1993). The name CUB is an
acronym formed from the first three identified proteins
of this family: the complement components C1R/C1S,
an embryonic sea urchin protein, Uegf, and bone mor-
phogenic protein 1, BMP-1. Because our initial blast
search had identified high similarity for this region with
bone morphogenic protein 1, the two CUB domain se-
quences (214–331, and 340–444) in epithin were first
compared with the CUB domains in the proteins of the
BMP-1 family by a ClustalW analysis. CUB domains al-
igned with the first cysteine as 1, showed 20 conserved
(i.e., 685% of the residues were the same amino acid
as in one of the epithin domains) and 13 chemically
conserved residues (Fig. 5B). The epithin CUB do-
mains appear to have diverged somewhat in the C-ter-
minal half of the domain. In particular, one of the two
cysteines forming the second half of the CUB domain is
either located in a different place or missing. The same
is true of other residues such as the conserved Y64 in
the CxYD sequence motif.

CUB domains are also found in a variety of other
proteins. Figure 5C shows a comparison of the epithin
domains with the CUB domains found in seven known
proteases. In this case 18 of the residues are highly con-
served and 12 are chemically conserved. Thirteen of the
conserved residues are found in both the BMP-1 and
serine protease families. Unique to the BMP-1 family
are the two motifs, CxW(33) and EV/IxxG(72), while
highly represented in the protease family are a P32 fol-
lowing the conserved PxxPx(x)xY motif and a D121 at
the end of the FxS/TD motif. Epithin, of course, has at
least one copy of each of these motifs. The only con-
served residues that it lacks are G46 in the protease
family and G82 in the BMP-1 family.

The conserved PxxPx(x)xY motif is also found in
other CUB domains from proteins without known pro-
tease functions such as ebnerine (A57190), CRP-ductin
(U37438), and neuropilin (AF016297). The function of
these conserved residues, as well as the CUB domain
itself, is still unknown. Finally, the first CUB domain in
epithin (214) contains one RGD sequence (residues
42–44 in Fig. 5C), a motif originally identified as a cell
attachment site for extracellular matrix proteins via
membrane molecules such as integrins. (Ruoslahti
1996). The RGD sequence is not present in any of the
other CUB domains we analyzed and its functional sig-
nificance remains to be tested.

The multidomain structure of epithin indicates that
the gene may have evolved by exon shuffling, like many
proteases with multiple domains: for example, entero-
kinase and bone morphogenic protein 1 (Bork and
Beckmann 1993; Rawlings and Barrett 1994). The com-
bination of seemingly unrelated domains suggests that

Fig. 6A–C Analysis and mapping of the gene. Genomic Southern
blot using the 0.4 kb TSO-3.39 probe with Eco RI-digested DNA
from different animal species (A and B). The species are indi-
cated at the top. In A the blot was washed in 2! SSC at 65 7C
(low stringency). In B the blot was washed in 0.1! SSC at 65 7C
(high stringency). C Location of the Prss14 gene on mouse Chro-
mosome 9. Recombination fractions are given on the right for
each locus pair, with the first fraction representing results from
the M. m. musculus crosses and the second from the M. spretus
crosses. Percent recombination and standard errors are given in
parentheses and were determined according to Green (1981).
Chromosome 9 marker loci were typed as previously described
(Hong et al. 1996; Sullivan et al. 1996). Both of the recombinants
noted between Fli1 and Prss14 are double recombinants around
Prss14 and, therefore, the relative positions of the two genes
could not be determined. Human map locations for homologues
of the underlined genes are given on the left of the map

this protein might have several biological or biochemi-
cal functions in epithelial cells. The high similarity be-
tween epithin and the enterokinase in both the CUB
domains and the protease domains suggests that these
two domains might be functionally coupled.
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Southern blot analysis

An Eco RI digest of genomic DNAs from various or-
ganisms showed that homologs of the mouse gene en-
coding epithin (Prss14, for protease, serine family
member 14) are present in other species (Fig. 6). South-
ern blot analysis with a low stringency wash revealed
multiple hybridized bands with DNA from all the or-
ganisms (human, monkey, rat, mouse, dog, cow, rabbit,
and chicken) (Fig. 6 A). In mouse and rat, the two
bands observed are very strong. These results indicate
the existence of family members related to the Prss14
gene in birds as well as in other mammals. In contrast,
only two bands remained hybridized in mouse and rat
at high stringency wash conditions (Fig. 6B), indicating
that the Prss14 gene nucleotide sequence is highly con-
served between these two rodents. Digestion of DNA
with other enzymes (Pvu II, Sca I, Taq 1, Hpa I, Bgl II,
Bam HI, Xba I, Sst I) and hybridization with a shorter
probe revealed only one band under high stringency
conditions (data not shown), demonstrating that a sin-
gle gene per haploid genome is present in the mouse.

Genetic mapping

The 0.4 kb probe (TSO-3.39) identified Pvu II frag-
ments of 6.4 kb in NFS/N and C58/J and 3.9 kb in M. m.
musculus, as well as Bgl II fragments of 5.5 kb in NFS/
N and 4.6 in M. spretus. Some of the M. m. musculus
cross progeny DNAs were also typed using Sst I which
identified fragments of 7.8 and 5.2 in NFS/N and 7.1
and 5.2 in M. m. musculus. Inheritances of the variant
fragments were scored in the progeny of both sets of
crosses, and linkage was detected to markers on Chr 9
(Fig. 6C). Closest linkage was found with the marker
Friend leukemia integration 1 (Fli1) which has been
placed at 16 cM from the centromere on the mouse
chromosome 9 composite map (Imai 1997) The human
Fli1 homologue, FLI1, maps to 11q24.1-q24.3 suggest-
ing a location for the human PRSS14 gene.

In conclusion, we identified a new gene expressed in
epithelial cells of the thymus and several other tissues
which appears to encode a new type II membrane ser-
ine protease (epithin) linked to the membrane by CUB
and LDLR domains. We suspect it will target either an
extracellular matrix protein or another membrane
bound protein on the same or neighboring cells. In the
latter case, epithin cleavage products could activate tar-
get cells, facilitating their differentiation, migration, or
function. Thus, in order to understand the precise im-
munological role played by this protease in the thymus,
future studies will be directed toward identifying its
specific substrate(s).
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