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LANCL1 (LanC-like protein 1) is related to the bacterial LanC
(lanthionine synthetase C) family, which is involved in the
biosynthesis of antimicrobial peptides. Highest expression
levels of LANCL1 are found in testes and brain, two organs
that exist behind blood-tissue barriers. In the mouse, the
establishment of an impermeable blood-testis barrier occurs
between day 10-16 post natal (pn). Differential display
analysis showed that the expression level of LANCL1 mRNA
in mouse testes was very low until day 16 pn, but increased
gradually from day 16 pn to reach a maximum on days 22-
24 pn followed by a slight reduction from day 26 pn to adult
animals. Thus, the expression of LANCL1 mRNA is initiated
following the establishment of the blood-testis barrier. In situ
hybridisation revealed that LANCL1 mRNA was induced in
diplotene spermatocytes, which appear for the first time in
mouse testes between days 18 and 20 pn, verifying the
expression profile determined by differential display. LANCL1
mRNA level remained high in the meiotic division phase and
in early round spermatids, but was down regulated in elon-
gating spermatids and it was undetectable in step 9 elon-
gating spermatids in stage IX (as defined by Russel et al.,
1990). The steady decrease in expression level from round
spermatids in stage I to elongating spermatids in stage IX
suggested that LANCL1 mRNA was not transcribed in sper-
matids. LANCL1 expression in rat testes was initiated already
in pachytene spermatocytes in stage IX, but otherwise simi-
lar to mouse.
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LANCL1 (LanC-like protein 1) is a peripheral
membrane protein, which is related to the LanC
(lanthionine synthetase C) family of bacterial mem-
brane-associated proteins. LanC proteins are
involved in the biosynthesis and transport of unique-
ly modified lanthionine-containing antimicrobial
peptides, the so-called lantibiotics (lanthionine-con-
taining antibiotic) (Bauer et al., 2000; McAuliffe et
al., 2001). While lantibiotics are produced by
Gram-positive bacteria, functionally similar defence
peptides exists in higher organisms, including plants,
insects and mammals, and play an important role in
the innate immune system (Borregaard et al.,
2000).Thus, LANCL1 may have a function similar
to bacterial LanC proteins as a peptide-modifying
enzyme (Bauer et al., 2000).

Mayer and colleagues (Mayer et al., 2001)
demonstrated that the expression of LANCL1 is tis-
sue-specific, the highest expression levels of rat
LANCL1 are found in testes and brain. These
organs exist behind blood-tissue barriers designed to
minimise the passage of cells and macromolecules
into the parenchyma. Immunological surveillance of
both organs does occur, and by mechanisms similar
to those for other organs, but cells and immunoglob-
ulins of the immune system pass through in marked-
ly lower numbers (Hickey, 2001). High expression
of LANCL1 may provide an alternative mechanism
for immune surveillance of testes and brain.
Inspection of the mouse EST sequences correspon-
ding to LANCL1 revealed that it also is expressed
in other tissues, including lung, especially branchial
arches, thymus, and mammary gland and in many
tumours (UniGene Cluster Mm.20522).The major-
ity of the ESTs are from tissues exposed to the sur-
roundings or exists behind blood-tissue barriers.

In rat testis, radioactive in situ hybridisation
(ISH) analyses revealed a strong signal in the ger-
minal cells of the seminiferous tubules (Mayer et
al., 2001). At present, however, there are no reports
about the germ cell differentiation types that

 



express the mRNA or the temporal relationship
between LANCL1 expression and formation of the
blood-testis barrier (BTB). The establishment of
BTB, by formation of tight junctions between
Sertoli cells, occurs between days 10-16 pn in the
mouse and days 15-18 pn in the rat (Vitale et al.,
1973; Nagano and Suzuki, 1976; Meyer et al.,
1977; Bergmann and Dierichs, 1982; Byers et al.,
1991).

In the present study, we have examined the
expression of the LANCL1 mRNA in mouse testes
by competitive PCR differential display (DDRT)
during post natal development and by a novel ISH
protocol in adult testes.The former showed the tem-
poral expression and the latter showed spatial
expression allowing precise assignment of the
mRNA to distinct germ cell types in rodent testes,
which appear on distinct days during development
(Bellvé et al., 1977). Monitoring the expression of
LANCL1 mRNA, we observed a distinct up-regula-
tion from days 16-18 pn reaching its maximum on
days 22-24 pn, correlating with the establishment
of BTB. In agreement with this, LANCL1 mRNA
was induced in primary spermatocytes in the
diplotene phase (stage XI), which appear in the
testis around days 18-20 pn. The expression in rat
testes was similar, but initiated in pachytene sper-
matocytes in stage IX. In both mouse and rat,
expression of LANCL1 mRNA remained high dur-
ing the meiotic divisions and in early round sper-
matids.

Materials and Methods

Animals
C3H/He mice strain and CD1 rats (Japan SLC,

Shizuoka, Japan) were maintained under controlled
conditions (22±2˚C, 55± 5% humidity, 12 hr
light/dark cycle) and were given laboratory chow
(CE-2, Nippon CREA, Tokyo, Japan) ad libitum.
Female mice were housed with males, and for both
mice and rats the morning when the vaginal plug
was found was designated day 1 of gestation.
Pregnant females (mice and rats) were housed indi-
vidually and gave birth to pups on gestational day
20 (mice) or day 23 (rats) and the day of birth was
termed day 1 pn. Testes were removed and used
either for preparation of total RNA or fixed in 4%
paraformaldehyde in 0.1 M phosphate buffer, pH
7.4, overnight at 4°C, and dehydrated in ethanol.
Alternatively, fixation in Stieves fixative (Solution

I: 90 g HgCl2 in 1.5 l H20; Solution II: 400 g
formaldehyde and 80 g glacial acetic acid in 1 l
H20; just before use mix 38 mL Solution I and 12
mL Solution II) at 4°C for 24 hr to 96 hr. Mouse
testes were prepared from day 1 pn, and every day
until day 4 pn, and then on every second day until
day 52 pn.

Differential display analysis
Total RNA was prepared using the RNeasy kit as

described by the manufacturer (Qiagen, Hilden,
Germany) and cDNA was prepared as described
previously (Jørgensen et al., 1999) using one-base-
anchored AAGCT11V (V = A, C or G) downstream
primers. All solutions were treated with diethylpy-
rocarbonate (DEPC) or made from DEPC-treated
water. DDRT was subsequently performed using
either one- or two-base-anchored primers
(AAGCT11VN; N = A, C, G or T) in combination
with a range of upstream primers. The LANCL1
mRNA band was displayed by the upstream primer
CATAGAAATGGCGGACA in combination with
either AAGCT11CA or AAGCT11CC. Bands were
excised from the DDRT gels and re-amplified using
the same upstream primer and a downstream
primer that was extended at the 5'-end with a T7
promoter sequence (taatacgactcactataggg-AAGCT
11V;T7 promoter sequence in small letters), allow-
ing direct sequencing with a Cy5-labelled T7-pro-
moter complementary primer. The expression level
on different days was quantified by phosphor imag-
ing (semiquantitative analysis). All methods relat-
ing to DDRT have been described in details previ-
ously (Jørgensen et al., 1999; Jørgensen et al.,
2000). Synthesis of cDNA using one-base-
anchored primers allow subsequent DDRT analysis
using two-base-anchored primers (unpublished
results; Figure 1). A FASTA search against public
databases showed that the displayed DNA fragment
had a 100% match  to 220 nucleotides in the ter-
minal 3'-end of the LANCL1 mRNA (acc. no.
AJ294535).

Preparation of biotin labelled probe for ISH
The mouse LANCL1 mRNA probe was derived

from the DDRT DNA fragment and prepared by re-
amplification of the fragment using a nested primer
specific to the LANCL1 mRNA with an added T3-
promoter sequence (aattaaccctcactaaaGGGATGG¬

CTGGAACAAT;T3-promoter sequence in small let-
ters) in combination with the T7-extended down-
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stream primer. PCR conditions were: 5 min 95°C; 5
cycles of: 30 sec 95°C, 1 min 45°C, 1 min 72°C; 20
cycles of 30 sec 95°C, 1 min 65°C, 1 min 72°C and
finally 5 min 72°C. The resulting PCR product was
purified on a 2% low melting point agarose gel and
sequenced from both ends, using Cy5-labelled
primers complementary to the added T3 and T7 tags.
Aliquots of about 200 ng were used for in vitro tran-
scription labelling, using the MEGAscript-T3 (sense)
or MEGAscript-T7 (anti-sense) kits as described by
the manufacturer (Ambion, Houston,TX, USA).The
composition of the 10 x nucleotide mix was: 7.5 mM
ATP, GTP and CTP, 3.75 mM UTP, 1.5 mM biotin-
labelled UTP.To estimate quantity and labelling effi-
ciencies, aliquots of the labelled RNA product were
analysed by agarose gel electrophoresis, and spotted
onto nitrocellulose filters and developed as described
below.

In situ hybridization
Tissue sections (8 to 10 µm) were placed on

silane-coated slides (van Prooijen-Knegt et al.,
1982) and heated to 60°C for 1 hr followed by over
night incubation at 42°C. All solutions were treated
with DEPC or made from DEPC-treated water.
Paraffin was removed by two treatments with xylen
and one with 99% ethanol followed by 95%, 70%
ethanol, all for 5 min. The sections were then re-
fixed with 4% paraformaldehyde (PFA) in 1 ×
PBS (10 x PBS: 1.37 M NaCl, 40 mM KCl, 125
mM NaH2PO4, 11.5 mM Na2HPO4, pH 7.4) for 5
min followed by 2 min in water. The slides were
treated with Proteinase K (P-2308, Sigma, St
Louis MO USA) in the range of 1.0-12.5 µg/mL in
TES buffer (0.01 M Tris-HCl, 0.1 M NaCl, 5 mM
EDTA, 1‰ Triton X-100) for 15-30 min at 37°C.
The slides were subsequently washed in 1 × PBS for
2 × 2 min, re-fixed with 4% PFA in 1 × PBS for 5
min and washed for 2 × 15 min in 1 × PBS followed
by 15 min in 5 × SSC. The slides were pre-hybrid-
ised for 1 hr at 50°C in 5 mL deionised formamide,
2.5 mL 20 x SSC, 0.25 mL Denhardts solution (D-
2532, Sigma), 0.25 mL 1 M sodium sulphate
buffer pH 7.0, and 2 mL water supplemented with
8 µL yeast tRNA (Cat. no. 15401-011, Gibco BRL,
Rockville, MD, USA) and 10 µL 0.5 M EDTA.The
hybridisation solution was similar to the pre-
hybridisation, except that the DEPC-treated water
was replaced with 50% Dextran sulphate (D-8906,
Sigma) in DEPC-treated water. Probes were heat-
ed to 80°C before application, and the slides were

placed in an atmosphere saturated with 50% for-
mamide/water at 50°C for 20 hr. After hybridisa-
tion, cover slides were removed in 2 × SSC and
after 15 min at room temperature in 2 × SSC wash-
ing continued in 0.1 × SSC supplemented with 50
mM EDTA for 3 × 30 min at 58 °C, followed by
incubation for 5 min in 1 x TBS (10 × TBS: 1 M
Tris-HCl and 1.5 M NaCl, pH 7.5). Slides were sub-
sequently incubated with streptavidin conjugated
with alkaline phosphatase (1:1000) (Cat. No.
1093266, Roche Diagnostics GmbH, Mannheim,
Germany) and excess streptavidin was removed by
washing in 1 × TBS for 2 × 5 min followed by 5 min
in development buffer (0.1 M Tris HCl pH 9.5; 0.1
M NaCl; 50 mM MgCl2). Development was per-
formed in development buffer (10 mL supplement-
ed with 45 µL BCIP (50 mg/mL in dimethylfor-
mamide; Sigma, B-8503), 35 µL NBT (75 mg/mL
in dimethylformamide; Sigma, N-6876) and 12.5
µL 1 M Levamisol (L-9756, Sigma). Finally, the
sections were mounted in GVA (00-8000, Zymed,
San Francisco, CA, USA).

Results

In a DDRT screening for mRNAs that were
upregulated during spermatogenesis, we identified a
band that showed a distinct expression profile
(Figure 1). Sequencing showed that the band corre-
sponded to the LANCL1 mRNA.The band was dis-
played by the upstream primer CATAGAAATG-
GCGGACA combined with the HT11CA down-
stream primer. Sequencing of a band that showed a
similar expression profile and was displayed by the
same upstream primer, but in combination with a
HT11CC downstream primer revealed that it also
corresponded to LANCL1 mRNA (Figure 1).
Inspection of LANCL1 mRNA and EST sequences
(Bauer et al., 2000; UniGene Cluster Mm.20522)
showed that the 3'-sequences immediately preced-
ing the poly-A tract was: TGGT-Poly-A, TGG-Poly-
A or TG-Poly-A, with the latter being the most com-
mon.Thus, LANCL1 mRNAs are slightly heteroge-
neous in the 3'-end and this was reflected in the
band being displayed by two different two-base-
anchored downstream primers.

Expression of LANCL1 during development
Expression of the LANCL1 mRNA was examined

in mouse testes from day 1 pn until day 52 pn. During
in utero development,LANCL1 mRNA was expressed
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at a very low level (not shown) and the expression
level remained low after birth until day 16 pn from
where it increased gradually to reach a maximum on
days 22-24 pn (Figure 1). This was followed by a
slight decrease from day 26 pn, but the level
remained high in adult animals (Figure 1). The
expression profile suggested that the mRNA was
upregulated in differentiated germ cells that
appeared around days 16-18 pn, and that its expres-
sion was restricted to a relatively short period during
germ cell differentiation.The reduction in expression
level from day 26 pn was most likely caused by the
appearance of more differentiated germ cells that
contributed to the pool of total RNA, but did not
express LANCL1 mRNA (Ivell and Spiess, 2002).

ISH analysis of LANCL1 mRNA expression in mouse
testis

The observed up-regulation suggested that
LANCL1 was upregulated in cells appearing on
days 16-18, which should correspond to late
pachytene spermatocytes or diplotene spermato-
cytes (Bellvé et al., 1977; Goetz et al., 1984). To
confirm this, we performed an ISH analysis on
adult mice testes using the DDRT fragment as
probe. Germ cell differentiation proceeds through a
series of steps and germ cells in distinct differenti-
ation steps can be identified because the seminifer-
ous epithelium can be divided into 12 distinct
stages, each containing specific germ cell differen-
tiation steps (Russell et al., 1990).Thus, by identi-
fying the stage of the seminiferous epithelium, the

Figure 1. Expression of LANCL1 mRNA in mouse testes during post-natal development. A band corresponding to LANCL1 mRNA was
displayed by two different primer combinations, using different two-base-anchored downstream primers and the same upstream primer.
A and B, upstream primer CATAGAAATGGCGGACA in combination with downstream primers HT11CA and HT11CC, respectively. C and
D, phosphorimager quantification of the LANCL1 mRNA bands in A and B, respectively. Sequencing of some of the other displayed
bands revealed that one corresponded to transition protein 2 (TP2; indicated on B). The TP2 mRNA is restricted to post meiotic sper-
matids (Shih and Kleene, 1992), which also is suggested by its up-regulation on day 28 pn. Note the different band pattern resulting
from the use of downstream primers differing only by the 3'-nucleotide.
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germ cell types can be precisely identified.
In our ISH protocol, sections hybridized with

anti-sense and sense probes, respectively, are devel-
oped together and the development is continued
until a weak staining is observed on the sense-sec-
tions. At this time, the anti-sense-sections are nor-
mally darker than the sense-sections because the
anti-sense probe includes 11 T-residues in the 3'-
end (derived from PCR-amplification of the DDRT-

fragment, see Materials and Methods section).The
T-residues will give a weak signal from very weak
hybridisation to any stretch of 11 or more A-
residues, i.e. especially mRNAs.The result is a weak
yellow to brown staining of all cells, including
nuclei, and a much stronger dark-blue to black
staining where the specific mRNA, matching the
complete probe, is expressed (Figures 2 and 3).

Inspection of the ISH sections showed that the

Figure 2. ISH analysis of LANCL1
mRNA expression in mouse testis.
Representative stages of the semi-
niferous epithelium are shown.
Examples of germ cells in the pa-
chytene (stages I, III-IV, VIII and X),
diplotene (stage XI) and meiotic
division (XII) phases are indicated
by black arrows; white arrows indi-
cate examples of round spermatids,
showing decreasing signal from
stage I to VIII. The bar in the sense
image corresponds to 100 µm.
LANCL1 mRNA expression
increased many fold in pachytene
spermatoocytes between stages X
and XI and expression continued
until the mRNA was undetectable in
step 9 round spermatids in stage
IX, but expression in spermatids
decreased from step 1 in stage I. 
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LANCL1 mRNA was essentially undetectable in
spermatogonia, preleptotene, leptotene, zygotene,
and pachytene spermatocytes, but strongly induced
in diplotene spermatocytes in stage XI (Figure 2).
The expression level remained high in cells in the
meiotic divisions phase (diakinesis/metaphase I) in
stage XII, and the mRNA was also present in round
spermatids, but the level decreased gradually until
it was undetectable in step 9 elongating spermatids
in stage IX (Figure 2).This suggests that the tran-
scripts in spermatids were derived from transcrip-
tion in spermatocytes. In conclusion, the temporal
expression profile is in accordance with the
LANCL1 mRNA induced in diplotene spermato-
cytes, which appear at days 18-20 pn, and it was
expressed in a relatively short period during germ
cell differentiation.

ISH analysis in rat testis
The mouse DNA fragments used as probe for ISH

was 92% similar to the corresponding region of the
rat LANCL1 mRNA allowing ISH on rat testis
using the mouse probe. There are two additional
stages of the seminiferous epithelium in rats (14
stages), which are present between mouse stages
VIII and IX; thus in the rat, diplotene spermato-
cytes appear in stage XIII and the meiotic divisions
occur in stage XIV (Russell et al., 1990). Other
stages are comparable between mouse and rat. ISH
analysis of rat testes revealed a cell type specificity
that was slightly different from mouse (Figure 3).

The LANCL1 mRNA was undetectable in pachy-
tene spermatocytes until stage IX where it was
upregulated and its expression level increased grad-
ually to reach a maximum in diplotene spermato-
cytes in stage XIII and in cells in the meiotic divi-
sions in stage XIV (Figure 3). As in mouse, expres-
sion continued in spermatids where maximum
expression was in round spermatids in stage I fol-
lowed by a gradual decrease until the mRNA was
undetectable in elongating spermatids in stage XI
(corresponding to mouse stage IX). Thus, expres-
sion of the LANCL1 mRNA was essentially similar
in rat and mouse, but the mRNA was upregulated
earlier and more gradually in rat than in mouse.

Discussion

A sequence alignment of LANCL1 from mouse,
human, rat, Drosophila melanogaster and Arabi-
dopsis thaliana against seven LanC and nine LanM
sequences from different prokaryotes revealed
seven hydrophobic sequence repeats with a GxxG
consensus motif (Bauer et al., 2000).These repeats
are shared between the eukaryotic homologues and
the prokaryotic peptide-modifying enzymes LanC
and LanM with a few exceptions in prokaryotes.
LanC and LanM are members of a family of periph-
eral membrane proteins, which are involved in the
biosynthesis of antimicrobial peptides constituting
an innate defence (Bauer et al., 2000; Mayer et al.,
2001). These conserved repeats may suggest con-

Figure 3. ISH analysis of LANCL1
mRNA expression in rat testis.
Arrows indicate germ cells in
pachytene and diplotene (stage
XIII) stages and black bars indicate
100 µm. A representative sense
control hybridisation is inserted in
the stage VIII image. In rat testes,
expression was initiated earlier
than in mouse since the level of
LANCL1 mRNA increased in
pachytene spermatocytes between
stages VIII and IX. As in mouse, the
highest expression was in
diplotene spermatocytes in stage
XIII: expression continued in round
spermatids where it decreased
gradually until it was undetectable
in elongating spermatids in stage
XI.



served function of LANCL1 and LanC, which is
intriguing considering the expression of LANCL1 in
germ cells residing in an immune-privileged envi-
ronment secluded by BTB blocking T lymphocytes
and antibodies (Bart et al., 2002).

It is difficult to precisely predict when BTB must
be established. In mouse and rat, the BTB develops
on days 10-16 pn and 15-18 pn, respectively
(Vitale et al., 1973; Nagano and Suzuki, 1976;
Bergmann and Dierichs, 1982) which in both ani-
mals corresponds to germ cells in the pachytene
phase of meiosis (Russell et al., 1990). There is,
however, a little discrepancy in the exact timing;
Vitale and colleagues (Vitale et al., 1973) reported
that BTB in rat testes was not formed on day 15 pn
when germ cells had progressed to the pachytene
stage whereas Bergmann and Dierichs (1982)
reported that BTB was formed on day 15 pn when
germ cells progressed from zygotene to pachytene
phase. We observed that LANCL1 mRNA expres-
sion was turned on slowly in rats, starting in
pachytene spermatocytes in stage IX corresponding
to cells appearing on days 21-23 pn (Russell et al.,
1990). Thus the expression of LANCL1 mRNA in
rats appears to lag behind the formation of the
BTB, but may coincide with the establishment of a
fully functional BTB.

Expression of LANCL1 mRNA in mouse was
evaluated using two independent methods, a RT-
PCR-based analysis during development and an
ISH-based identification of the expressing cell
types in adult testis. The two technologies resulted
in complementary information that essentially ver-
ified each other: the expression profile suggested
that the mRNA should be present in cell types
appearing on days 16-18 pn, which correspond to
diplotene spermatocytes (Goetz et al., 1984), and
ISH showed that diplotene spermatocytes were the
first differentiated germ cell type that expressed
LANCL1 mRNA. Expression of LANCL1 mRNA in
rat testes has been reported by Mayer and col-
leagues (Mayer et al., 2001) who found a high
expression of LANCL1 mRNA in the germinal cells
in the testis illustrated by a radioactive ISH to a
single stage of the seminiferous epithelium (stage
VII-VIII). However, in our study we actually
observe the lowest expression level in germ cells in
stage VIII in both rat and mouse (Figures 2 and 3),
but our results, nevertheless, confirm their data, as
we do detect some expression in round spermatids
in stage VIII (Figures 2 and 3). Moreover, in the

rat, we observe higher levels of LANCL1 mRNA
expression in pachytene spermatocytes after stage
IX, and in both mouse and rat we find the highest
expression in diplotene spermatocytes in stage XI
(rat XIII), in cells in the meiotic divisions phase in
stage XII (rat XIV), and in early round spermatids
in stages I-VI (Figures 2 and 3).

The ISH protocol we have used is in several
aspects different from other testis ISH manuals.
Especially, we have added two additional fixation
steps, after de-parifination and after the protease
digest.This allows the use a higher concentration of
protease to open up the tissue and results in signif-
icantly better morphology. However, because of the
very different RNA content in different germ cell
types and the highly accessible nuclear DNA in
pachytene spermatocytes (which also have the high-
est RNA content), we for some probes observe an
artifactual signal from pachytene spermatocytes,
typically starting in stage VII-VIII and continuing
until just after the meiotic divisions.The intensity of
the artifactual signal is in most cases similar in
cytoplasm and nucleus. This feature is to a large
extent probe-specific and generally only observed
for hybridisations where a long development time is
required (1-1.5 hr) (i.e. low expressed mRNAs).
The problem can be partly resolved by performing a
DNase digest to remove the chromosomal DNA, but
we have seen examples where we do get a cytoplas-
mic signal in pachytene spermatocytes in stages
VII-XI with probes against mRNAs not present in
these cell types. For the LANCL1 mRNA probe, we
did not detect a signal in pachytene spermatocytes
before it was expected from the expression profile.
We strongly recommend to use a combination of
expression profiling by a sensitive method such as
DDRT or real time RT-PCR and ISH to determine
the exact expression of an mRNA.
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