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The tetratricopeptide repeat (TPR) is a degenerate
4-amino-acid sequence which forms scaffolds to me-
iate protein–protein interactions. We have isolated a
DNA named tpis from mouse embryonic skin and
ound that the deduced 529-amino-acid sequence con-
ained 5 TPRs. In addition to skin, the transcript of
pis was detected in tissues with stratified squamous
pithelium, e.g., tongue, esophagus, and forestomach.
pis was most strongly expressed in testis among adult
issues examined. The transcript of tpis from testis
as longer, encoding 372 additional amino acid resi-
ues at the 5*-side with 3 more TPRs. In situ hybrid-

zation revealed specific expression of tpis at a distinct
ifferentiation stage of spermatogenic cells, indicat-

ng involvement of tpis in spermatogenesis. Chromo-
omal localization of the tpis gene was determined as
8.10 cM of chromosome 15. © 1999 Academic Press

Key Words: TPR; tetratricopeptide; spermatogenesis;
kin; testis; gene.

Spermatogenesis is a highly specialized process of
ell proliferation and differentiation (1, 2). At first, sper-
atogonia proliferate by mitosis, and then give rise to

rimary and secondary spermatocytes through the first
nd second meiotic divisions. The resulting haploid
ells called round spermatids undergo extensive re-
odeling to become spermatozoa, the process being

nown as spermiogenesis. A number of genes, some
hich are testis-specific and the others common with

omatic cells, have been demonstrated to be involved in
he spermatogenesis (3, 4). Targeted disruption of
ome of those genes including A-myb (5), Atm (6), Bax
7), and Hsp70.2 (8) resulted in male infertility with
mpaired testicular function and spermatogenesis.

1 To whom correspondence should be addressed. Fax: 181-76-434-
015. E-mail: namu@ms.toyama-mpu.ac.jp.
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Among particularly intriguing molecular features of
permatogenesis is that the size of transcripts in testis
s often distinct from that found in somatic cells (9).
uch transcripts are produced through alternative pro-
oter usage and/or alternative splicing. For example,

estis-specific form of angiotensin-converting enzyme
ene is transcribed using a promoter that is located
ithin intron 12 of the somatic counterpart (10).
mount of t-isoform of CREM (cyclic AMP-responsive
lement modulator) increased abruptly at a specific
tage of spermatogenesis through the change of splic-
ng (11).

Protein-protein interaction, whether direct or indi-
ect, is fundamental process of cellular function.
mong structural domains involved in the direct pro-

ein interactions is tetratricopeptide repeat (TPR) mo-
if (12, 13). TPRs are found in diverse proteins with no
ommon biochemical functions. Thus, proteins with
PR motif include those involved in cell cycle regula-
ion, transcriptional control, mitochondria and peroxi-
omal protein transport, neurogenesis, and protein ki-
ase inhibition (14).
Here we describe a newly isolated gene, tpis, in a

creening of genes involved in the morphogenesis of
ouse skin. The expression level of tpis increased with

he proceeding of development. Unexpectedly, tpis was
xpressed in testis as well. The transcript of tpis in
estis was longer than that observed in other tissues,
nd the deduced amino acid sequence contained 8 tet-
atricopeptide repeat domains.

ATERIALS AND METHODS

RNA differential display. RNA differential display for isolating
ene fragments was performed using RNAmap kit (GenHunter
orp., Brookline, MA) and described elsewhere (15). Briefly, total
NA samples from dorsal epidermis of mouse embryos from 12.5 dpc

days postcoitus) to 16.5 dpc were reverse-transcribed and amplified.
he PCR products were separated and differentially expressed frag-
ents were reamplified, subcloned and sequenced. tpis was identi-
ed as a gene fragment induced with the progression of development.
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.



Northern analysis. ICR mice (Nippon SLC, Hamamatsu, Japan)
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ere used throughout the experiments. Embryonic epidermis was
eparated from dermis by incubating in 10 mM EDTA in PBS, when
ecessary (15). Total RNA was extracted by acid guanidinium
hiocyanate-phenol-chloroform extraction (AGPC; 16) using 1 ml of
he denaturing solution for 100 mg tissue.

Northern analysis was performed according to conventional con-
itions (17). Briefly, 20 mg of total RNA was electrophoresed, trans-
erred onto Hybond-N (Amersham Pharmacia Biotech, Uppsala,
weden), and hybridized to 32P-labeled probes. The filters were fi-
ally washed twice with 0.23 SSC, 0.1% SDS, at 43°C for 15 min,
nd the signals were visualized by exposing to X-ray films. The probe
sed was 39 382 bp or 2,262 bp of tpis cDNA. GAPDH
glyceraldehyde-3-phosphate dehydrogenase) and cytokeratin 10
ere used as controls.

Preparation and screening of cDNA library. A cDNA library was
repared from 16.5 dpc embryonic mouse skin using lZAP II (Strat-
gene, La Jolla, CA). After screening ;5 3 105 independent plaques
f the cDNA library with 32P-labeled tpis probe, positive clones were
ransformed to pBluescript by in vivo excision.

DNA sequencing and sequence analysis. DNA sequencing was
erformed using an automated sequencer (Amersham Pharmacia
iotech). Sequence homology was searched by BLAST or FASTA
ethod. Possible functional domains were screened in the ProDom

rotein domain data base and some other data base systems which
ave essentially the same results.

Rapid amplification of cDNA end (RACE). 59-RACE was per-
ormed using 59-Full RACE Core Kit (Takara, Shiga, Japan) essentially
nder the conditions recommended by the manufacturer. Briefly, 5 mg
otal RNA from the embryonic skin (16.5 dpc) or testis (10 weeks of age)
as reverse transcribed with 59-phosphorylated primer, ligated and
mplified by nested PCR using 2 sets of primers. The primers used
ere: 59-phosphorylated primer; 59-P-GTTTCCTTCTTTGAGG, sense
rimer 1; 59-ACCCACAGGAAGTGCAAATGC, sense primer 2; 59-
ATCTTGTATTCAAATAGAGCG, antisense primer 1; 59-GGAC-
ATCAGCTTCTTCTGA, antisense primer 2; 59-CTTCTGAATGTTG-
CCATG. The PCR products were ligated into pCRII vector (InVitro-
en, San Diego, CA) and sequenced.
For 39-RACE, 3 mg RNA was reverse transcribed with a primer

GAGTCGACTCGAGAATTCTTTTTTTTTTTTTTTTTVN), amplified
t first with adaptor primer (GAGTCGACTCGAGAATTC) and 39-
ense primer 1 (ATCCACTTTAGAGAAGTGGC), and reamplified
ith the adaptor primer and 39-sense primer 2 (GAGAAGTGGCT-
ACTGTCAC). The resulting DNA fragments were processed as for
9-RACE.

In situ hybridization. The procedure of in situ hybridization was
ssentially the same as that previously described (15), except for the
se of frozen sections. Briefly, a pLITMUS 28 vector (New England
iolabs, Beverly, MA) containing 39-side 2,262 bp fragment of tpis
DNA was used to synthesize anti-sense and sense RNA probes with
7 RNA polymerase (Gibco BRL, Rockville, MD) with digoxigenin

abeling (Boehringer Mannheim, Mannheim, Germany). Tissues
ere frozen in Tissue-Tek O.C.T. Compound (Sakura Fine Technical
o., Tokyo, Japan). Tissue sections were hybridized to the probes
artially degradated with alkaline treatment, and specific signals
ere visualized as alkaline phosphatase activity conjugated to anti-
igoxigenin antibody (Boehringer Mannheim).

ESULTS

Isolation of tpis cDNA. The DNA fragment of tpis
as originally isolated by RNA differential display
hose band intensity increased during the morpho-
enic process of embryonic mouse epidermis from 12.5
pc to 16.5 dpc. By Northern analysis, the transcript of
pis was first detected in epidermis at 14.5 dpc and
82
rogressively increased afterwards (Fig. 1A). tpis was
ot expressed in embryonic dermis at any stages ob-
erved. Cytokeratin 10 known to be expressed in su-
rabasal layers of epidermis was used as a control for
ormal skin development as well as reliable separation
f epidermis from dermis.
In addition to the embryonic mouse skin, tpis tran-

cripts were detected in testis, cerebellum, tongue,
sophagus, and forestomach among various adult tis-
ues examined (Fig. 1B). The positive results in tongue,
sophagus, and forestomach may make sense because
he surface of the organs is lined with stratified squa-
ous epithelium like skin. The more intriguing is that

he size of transcript in testis was larger than those
bserved in the other tissues (Fig. 1B).

cDNA and the deduced amino acid sequence of tpis.
y screening a cDNA library prepared from mouse
mbryonic epidermis at 16.5 dpc, 10 independent
lones were isolated and sequenced. Based on the ;2.3
b sequence obtained, 59- and 39-RACE were performed
sing mRNA from embryonic epidermis at 16.5 dpc,
iving additional ;30 bp sequence at 59 side and no
dditional sequence at 39 side. Altogether, 2,336 bp
DNA except for polyA1 tail was identified and regis-
ered in GenBank (Accession Number: AF181253).

Using mRNA from testis, RT-PCR was performed
ith primers designed to amplify 5 overlapping regions
f the 2.3 kb cDNA. Sizes and sequences of the ampli-
ed fragments covering almost entire 2.3 kb sequence
howed no difference from those of epidermis, indicat-
ng that the variance is present at 59 side. Actually,
9-RACE using mRNA from testis gave rise to several

FIG. 1. Expression of tpis gene in mouse embryonic skin (A) and
arious adult tissues (B) as examined by Northern analysis. (A)
NAs were prepared from mouse embryonic epidermis or dermis at
3.5 dpc (lane 1, 5), 14.5 dpc (2, 6), 15.5 dpc (3, 7) or 16.5 dpc (4, 8).
rrowhead shows the positions of ribosomal RNA. (B) RNAs were
repared from cerebrum (lane 1), cerebellum (lane 2), heart (lane 3),
ung (lane 4), tongue (lane 5), esophagus (lane 6), forestomach (lane
), glandular stomach (lane 8), small intestine (lane 9), large intes-
ine (lane 10), liver (lane 11), kidney (lane 12), testis (lane 13), uterus
lane 14), skin (lane 15), or embryonic skin at 16.5 dpc (lane 16).
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ndependent clones of ;1.3 kb in size, resulting in
etermination of 3,644 bp cDNA in case of testis (Gen-
ank accession number: AF181252). The 39- 2,308 base
equence was common for the two cDNAs. The lengths
f 59 unique sequences were 1,336 and 28 bases in
estis and skin, respectively.

The size of both transcripts fits well to those ex-
ected from Northern analysis. This and the results of
9- and 39-RACE corroboratively indicate that the iso-
ated cDNAs from both organs cover nearly full length
f the transcripts. A single reasonable open reading
rame (ORF) was found in each of the cDNAs. Figure 2
hows the deduced amino acid sequence of testis tpis
tarting from the 59-most methionine codon, the sur-
ounding base sequence of which meets Kozak’s rule
18). The 59-most methionine within ORF of skin cDNA
s shown in square. The numbers of amino acid resi-
ues are 901 and 529 in testis and skin, respectively.
Computer-aided search for functional domain (19) re-

ulted in identification of possible TPR in 8 regions as
ndicated with underline in Fig. 2. TPR, a degenerate

FIG. 2. Deduced amino acid sequence of tpis cDNA from testis. Pr
etratricopeptide repeats were designated with an underline. Nucle
nder Accession Nos. of AF181252 and AF181253, respectively.
83
4-amino acid repeated motif, is known to be involved in
rotein-protein interaction, particularly with heat shock
roteins (13, 14). The amino acid sequence of tpis showed
imited homology with a number of proteins with diverse
tructure and function, but containing TPR in common.
mino acid sequence within TPR domains was conserved
elatively well. Thus, the fifth and sixth TPRs of tpis
howed 73% identity with the second and third TPRs of
uman outer mitochondrial membrane 34 kDa translo-
ase hTOM34 (20). In addition, nucleotide sequence ho-
ology search resulted in the identification of human 75

Da infertility-related sperm protein (21). tpis was
amed after the acronym of TPR-containing protein in-
olved in spermatogenesis.

Expression of tpis. The expression of tpis was ex-
mined by in situ hybridization. In testis (Fig. 3), the
pis transcripts were detected in spermatogenic cells,
ith stronger signal at the intermediate layer in each

eminiferous tubule. Spermatogonia at the outer-most
ayer of each seminiferous tubule were negative. We

mptive initiation codon of skin tpis cDNA is shown in a square. Eight
e sequences of testis and skin cDNA were registered in GenBank
esu
otid
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oted the marked difference of signal intensity among
ifferent tubules, with stronger signal in the tubules
ontaining no spermatozoa in lumen. The association
f tpis expression with the differentiation of spermat-
genic cells was corroborated by Northern analysis
Fig. 4), where increasing signal was observed with

aturation and functional activation of testis.

Chromosomal locus of tpis. A part of tpis sequence
as practically identical with D15Ncvs1, a sequence

ag site fragment directly submitted to GenBank by
kama et al. (Accession No. AB004259; 21). D15Ncvs1
as mapped to mouse chromosome 15, 18.10 cM. At the

yntenic site of human chromosome, 8q22, sperm-
ssociated antigen-1 (SPAG1) gene, the byname of hu-
an 75 kDa infertility-related sperm protein, was

ound. SPAG1 was originally isolated with anti-serum
rom infertile woman that cause sperm agglutination
22). Only part of the cDNA sequence was reported and
oorly characterized. Together with the sequence ho-
ology of tpis and SPAG1 as described above, we con-

luded that tpis is the mouse homologue of SPAG1 and
ncoded at 18.10 cM of chromosome 15.

FIG. 3. Expression of tpis gene in mouse testis as examined by i
ge of 6 months. The black arrows and arrowheads designate seminif

FIG. 4. Expression of tpis gene in mouse testis in maturing
rocess. Northern analysis was performed using RNAs from 2, 3, 4,
, 10 weeks, or 6 months of age.
84
ISCUSSION

In the present study, we have isolated and charac-
erized a gene, tpis, which contains TPR domains and
hows a characteristic expression profile, particularly
n testis. Together with the observation on human
ounterpart SPAG1 protein described above (22), it is
ery likely that tpis is involved in the maturation of
permatogenic cells.
tpis has 8 possible TPR domains (Fig. 2). Biological

ignificance of TPR has not fully understood, but it is
onsidered to be involved in protein-protein interac-
ions through either TPR-TPR or TPR-non-TPR inter-
ction (13). In general, amino acid sequence within
ach TPR domain is poorly conserved. One feature of
PR domain is that the sequences of adjacent TPRs
ithin the same protein show considerable diversifica-

ion, whereas individual TPRs are extensively con-
erved among different proteins in evolution in a way
hat is specific to that individual TPR (23). Thus, the
fth and sixth TPRs of tpis showed 73% identity with
he corresponding second and third TPRs of human
uter mitochondrial membrane 34 kDa translocase,
hile the TPRs within tpis showed at most 38% iden-

ity among each others.
The transcript of testis is longer than that of skin,

ncoding 372 additional amino acid sequence at
-terminal (Fig. 2). Three among the 8 TPRs of tpis are
resent in this extra region, indicating that the testis-
ype tpis may interact with broader spectrum of pro-
eins. Proteins with TPR domain are diverse in their
tructure, intracellular localization, and therefore pos-

tu hybridization. The testis was isolated from an ICR mouse at the
us tubules with and without spermatozoa in the lumen, respectively.
n si
ero
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ibly in their biochemical functions (14), while heat
hock proteins are often regarded as representative
argets of interaction. With this respect, it may be
oteworthy that some types of heat shock proteins,
sp 70-2 (24) and hsc 70t (25), are present at specific

tage of differentiating spermatogenic cells, and tar-
eted disruption of Hsp 70-2 gene lead to male infer-
ility due to blockade of spermatogenesis at the
achytene spermatocyte stage (8).
tpis was isolated as a gene whose expression in-

reased during the process of embryonic skin develop-
ent. In mouse embryos, epidermis is composed of

imple layer of epithelial cells at 13.5 dpc, onto which
ore differentiated layers are consecutively added
ith the progress of development. Therefore, a given
ene whose expression was induced during the period
rom 12.5 dpc to 16.5 dpc is likely involved in the
ifferentiation of epidermal keratinocytes (26). Since
pis was also expressed in tongue and forestomach, tpis
ay play a role in differentiation of keratinizing strat-

fied epithelium.
Reduction of natality and infertility have been a
ajor area of concern in industrially advanced coun-

ries. Diverse social, economical and environmental
actors are presumably involved, among which envi-
onmental endocrine disrupters are of the major recent
opics (27). Endocrine disrupters exert deleterious ef-
ects on the reproductive systems, particularly on tes-
icular function and spermatogenesis. Since such dis-
upters comprise synthetic chemicals with broad
ariety of structures and present at extremely low con-
entrations, the understanding of molecular mecha-
isms of spermatogenesis is essential for precise as-
essment of their biological effects and for establishing
ensitive monitoring measures. Clarification of biolog-
cal functions of tpis as well as the nature of its inter-
cting targets may provide a cue to proceed in such a
irection.
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