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Spermatogenesis is a complex process involving an intrinsic
genetic program composed of germ cell-specific and -predomi-
nant genes. In this study, we investigated themouse Spink2 (ser-
ine protease inhibitor Kazal-type 2) gene, which belongs to the
SPINK family of proteins characterized by the presence of a
Kazal-type serine protease inhibitor-pancreatic secretory tryp-
sin inhibitor domain. We showed that recombinant mouse
SPINK2 has trypsin-inhibitory activity. Distribution analyses
revealed that Spink2 is transcribed strongly in the testis and
weakly in the epididymis, but is not detected in other mouse
tissues. Expression of Spink2 is specific to germ cells in the testis
and is first evident at the pachytene spermatocyte stage. Immu-
noblot analyses demonstrated that SPINK2 protein is present in
male germ cells at all developmental stages, including in testic-
ular spermatogenic cells, testicular sperm, and mature sperm.
To elucidate the functional role of SPINK2 in vivo, we generated
mutantmicewith diminished levels of SPINK2using a gene trap
mutagenesis approach. Mutant male mice exhibit significantly
impaired fertility; further phenotypic analyses revealed that tes-
ticular integrity is disrupted, resulting in a reduction in sperm
number. Moreover, we found that testes from mutant mice
exhibit abnormal spermatogenesis and germ cell apoptosis
accompanied by elevated serine protease activity. Our studies
thus provide the first demonstration that SPINK2 is required for
maintaining normal spermatogenesis and potentially regulates
serine protease-mediated apoptosis in male germ cells.

Male germ cell development, or spermatogenesis, is a com-
plex process that involves the mitotic proliferation of sper-
matogonial stem cells, meiotic division of spermatocytes, and
dramatic morphological changes from haploid spermatids to
highly specialized sperm through spermiogenesis (1, 2). The
tightly regulated nature of this process, which occurs in semi-
niferous tubules in testes, suggests the presence of a highly
organized network of genes expressed in germ cells during
spermatogenesis. The regulation of gene expression during

spermatogenesis occurs at three levels: intrinsic, interactive,
and extrinsic (3). The intrinsic program determines which
genes are utilized and when the genes are expressed. The inter-
active process between germ cells and somatic cells is necessary
for germ cell proliferation and progression. Extrinsic influ-
ences, such as steroid and peptide hormones, regulate the inter-
active process. The intrinsic component of the genetic program
involves germ cell- and stage-specific gene expression patterns
that constitute the unique features of male reproduction.
Proteases represent a large group of proteins (�2% of all

genes) that share the ability to catalyze the hydrolysis of peptide
bonds. Proteases play crucial roles in controlling diverse biolog-
ical processes such as tissue maintenance, repair, and develop-
ment, and are essential for the survival of all organisms. Not
surprisingly, given the central importance of proteases, defi-
ciencies or alterations in the regulation of proteases underlie
important human disease, including cancer, arthritis, and neu-
rodegenerative and cardiovascular diseases (4–8). Accord-
ingly, the activities of proteases must be finely tuned to main-
tain biological homeostasis. To regulate protease activities and
avoid cellular damage, organisms produce protease inhibitors,
which are widely distributed in organs. To date, 67 distinct
protein families have been classified as protease inhibitors (9).
During the course of our study of unknown or unexplored

genes with testis-specific or -predominant expression, we
investigated the serine protease inhibitor Kazal-type 2
(Spink2)2 gene in mice. Previous comparative gene expression
profiling between normal and abnormal human testes from
patients diagnosed with azoospermia showed that SPINK2
expression was decreased 4-fold in abnormal testes compared
with those from fertilemen (10). Thus, this raises the possibility
of SPINK2 involvement in male reproduction. SPINK2 belongs
to the family of Kazal-type serine peptidase inhibitors, which
have amino acid sequence homology to bovine pancreatic
secretory trypsin inhibitor (11). The first member of the SPINK
family, human SPINK1 (mouse Spink3), also known as pancre-
atic secretory trypsin inhibitor was discovered by Kazal (12).
Previous studies and our in silico searches indicate that at least
13 SPINK familymembers are expressed in diverse tissues (13–
18). SPINK2, the only SPINK family member expressed in tes-
tes, was first identified in humans (11, 19); however, informa-
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tion on mouse Spink2 has not yet been reported. In the present
study, we report the first investigation of Spink2 in mice, pro-
viding comprehensive information on its expression and func-
tion. Notably, we generatedmice carrying a gene trapmutation
in Spink2 and found that mutant male mice with reduced
SPINK2 levels exhibit impaired fertility.

EXPERIMENTAL PROCEDURES

Trypsin Inhibition Assays—Trypsin inhibition assays were
performed by measuring the trypsin-cleaved products of
the synthetic substrate (CBZ-Ile-Pro-Arg)2-Rhodamine110
(Molecular Probes). Purified His-tagged SPINK2 protein
(0.1–30 �M) was preincubated with 42 nM trypsin (Sigma-Al-
drich) at 22 °C for 10 min in HEPES-buffered saline (5 mM

HEPES, 0.15 MNaCl, pH 7.35) containing 2mMEDTA. Activity
was determined by measuring the absorbance at 521 nmwith a
SPECTRAmax Gemini XS microplate reader (Molecular
Devices).
Reverse Transcription PCR—The testis-specific expression of

the Spink2 gene was verified by performing reverse transcrip-
tion-PCR (RT-PCR) using cDNAs from nine different mouse
tissues (testis, epididymis, ovary, brain, heart, kidney, lung,
liver, and spleen), as well as cDNAs from the testes, and the
epididymis of W/Wv mutant mice, which lack germ cells, and
mature sperm. Total RNA was extracted using the TRIzol rea-
gent (Molecular Research Center) according to the manufac-
turer’s protocol, and cDNA was synthesized by random
hexamer and oligo(dT) priming usingOmniscript reverse tran-
scriptase (Qiagen). A specific region of the Spink2 transcript
was amplified with the primers 5�-GTG GGA TCC CCG ACT
CTT CCG ATT C-3� (forward) and 5�-CAT CAA AGA CGA
GCC CTG AGA A-3� (reverse) using the following PCR ther-
mocycling conditions: 30 cycles of 94 °C for 30 s, 55 °C for 30 s,
and 72 °C for 30 s. The primers for glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) and Protamine 1 (Prm1), used as a
control, were amplified under the same conditions using the
primers 5�-TGAAGGTCGGAGTCAACGGATTTGGT-3�
(forward) and 5�-CAT GTG GGC CAT GAG GTC CAC
CAC-3� (reverse) for Gapdh and 5�-GCC GCA GCA AAA
GCA-3� (forward) and 5�-CGG ACG GTG GCA TTT-3�
(reverse) for Prm1. Specific expression at different stages of
spermatogenesis was established using total RNA obtained
from testes of prepubertal and adult male mice (ages 8, 10, 12,
14, 16, 20, 30, and 84 days) for reverse transcription.
Antibodies—Polyclonal antisera against mouse SPINK2 was

produced from rabbits immunized with antigens. Glutathione
S-transferase (GST) fusion proteins were produced by generat-
ing PCR products corresponding to the hydrophilic region of
SPINK2 protein (amino acids 21–84). After restriction diges-
tion, the PCR products were ligated into a pGEX-5X-2 vector
(GE Healthcare). The inserted DNA was sequenced prior to
transformation of Escherichia coli BL21. After induction with
0.1 mM isopropyl-�-D-thiogalactopyranoside, GST-SPINK2
fusion proteins were subsequently isolated with glutathione-
Sepharose 4B. A SPINK2 peptide corresponding to amino acids
70–86 was synthesized by AnyGen. GST-SPINK2 fusion pro-
teins and the synthesized peptide were used as antigens for the
production of rabbit polyclonal antibodies by Peptron. All anti-

bodies were affinity-purified using their corresponding pro-
teins and the AminoLink Immobilization kit (Pierce). Mono-
clonal anti-�-tubulin, anti-mouse ADAM2, and anti-rabbit
caspase-3 were purchased from Sigma-Aldrich, Millipore, and
Novus Biologicals, respectively. Horseradish peroxidase
(HRP)-conjugated anti-rabbit and anti-mouse IgG secondary
antibodies (Jackson ImmunoResearch) were used for immuno-
blot analyses.
Immunoblot Analysis—Proteins, denatured by boiling for 10

min in the presence of 3% SDS and 5% �-mercaptoethanol (1�
SDS/�-mercaptoethanol sample buffer), were separated by
SDS-PAGE and transferred to polyvinylidene difluoride mem-
branes (pore size, 0.2 �m; Bio-Rad Laboratories). Membranes
were blocked in TBS-T (50mMTris-HCl, pH 7.5, 150mMNaCl,
0.1% Tween 20) containing 5% nonfat dry milk for 1 h at room
temperature and thenwashed and incubatedwith primary anti-
bodies for 1 h. After washing three times with TBS-T (10 min
each), membranes were incubated with HRP-conjugated sec-
ondary antibodies for 1 h at room temperature. Following three
washes in TBS-T, immunoreactive proteins were detected
using an enhanced chemiluminescence kit (Pierce).
Preparation of Testicular Cells, Testicular Sperm, and Epi-

didymal Sperm from ICRMale Mice and Spink2 Mutant Mice—
All animal investigations were carried out according to the
guidelines for animal care and use of Gwangju Institute of Sci-
ence andTechnology. Testicular (spermatogenic) cells, and tes-
ticular sperm were isolated by suspending in 52% isotonic Per-
coll (GEHealthcare), centrifuging for 10min (27,000� g, 4 °C),
and resuspending in Mg2�-HEPES buffer (20). Sperm from
cauda epididymis and vas deferens were released directly into
PBS. The sperm suspensionwas centrifuged twice at 800� g for
3 min to remove contaminants. The collected cells and sperm
were directly resuspended in 1� SDS/�-mercaptoethanol sam-
ple buffer followed by boiling for 10 min.
Immunohistochemistry—Paraffin sections of mouse testis

(Zyagen) were deparaffinized using xylene and rehydrated with
a graded series of 100, 95, 70% ethanol and PBS. After blocking
with 3% BSA (Bovogen Biologicals) for 1 h, the sections were
incubated with primary antibodies and rhodamine-conjugated
secondary antibody (Jackson ImmunoResearch), and then
stained with Hoechst 33342 dye (Sigma-Aldrich). Fluorescence
signals were observed under a microscope (DMLB; Leica
Microsystems).
Generation of Mutant Mice—A CMHD-GT_327A6-3 em-

bryonic stem (ES) cell line containing a Spink2 gene trap allele
was purchased from CMHD. The gene trap construct con-
tained a splicing acceptor sequence, internal ribosome entry
site, enhanced GFP gene, polyadenylation signal, neomycin
resistance gene, splicing donor sequence, and �-galactosidase-
neomycin resistance gene fusion. ES cells, derived from 129-
strain mice, were injected into C57BL/6 blastocysts using
standard procedures to produce chimeric mice. Chimeric
males were mated with C57BL/6 females, and germ line trans-
mission in pups was confirmed. The Spink2gt/gt line was
obtained by crossing heterozygotes. Mice were genotyped by
amplifying Spink2 and GFP in the gene trap vector using the
following two sets of primers: 5�-AGA GAA AAG CGG
ACC-3� (forward) and 5�-GGA ATG GAA ACG GGG-3�
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(reverse) for Spink2 and 5�-GGCAACTACAAGACC-3� (for-
ward) and 5�-AGG TAG TGG TTG TCG-3� (reverse) for
enhanced GFP.
Phenotypic Analyses of Mutant Mice—For fertility test of

Spink2mutant males, each Spink2mutant and wild-type (WT)
male (8 weeks old) was placed with two C57BL/6 females. The
females were checked for the presence of vaginal plugs and
pregnancy. The number of pups was counted, and fertility rate
was calculated. For sperm counting, sperm from cauda epi-
didymis and vas deferens from 8-week-old Spink2 mutant
and WT males was collected. Sperm cells were counted in a
hemocytometer under a light microscope. In the analysis of
testicular integrity, testes were fixed by immersion in
Bouin’s fixative for 24 h, embedded in paraffin, and sectioned
using standard protocols. The morphology of testes was
observed after hematoxylin and eosin staining of paraffin-
embedded sections. The level of apoptosis in sections of tes-
tes was detected by TUNEL assay using the ApopTag Plus
Peroxidase in Situ Apoptosis Detection kit (Chemicon),
according to the manufacturer’s instructions.
Determination of Proteolytic Activity of Testis Extracts—Tes-

tes from WT and Spink2 mutant males were collected. Then
testis extracts were analyzed for serine protease activity with
the synthetic substrate (CBZ-Ile-Pro-Arg)2-Rhodamine110 in
10 mM Tris, pH 7.5, containing 15% (v/v) ethanol, as suggested
by the manufacturer (Molecular Probes). Proteolytic activity of
testis lysates was monitored as an increase in fluorescence at
521 nm with a SPECTRAmax Gemini XS microplate reader
(Molecular Devices).

Statistics—Results are presented as means � S.E. or S.D. val-
ues. The statistical significance of differences between data
means was determined using a two-tailed Student’s t test.

RESULTS

Sequence and Phylogenetic Relationships of Mouse SPINK2—
As an initial step in characterizingmouse Spink2, we performed
sequence analyses using NCBI databases. The mouse Spink2
gene encodes an 86-amino acid protein (Fig. 1A) with a pre-
dicted molecular mass of 9.723 kDa. The SPINK2 protein is
predicted to contain a signal peptide (residues 1–16, 1.757 kDa)
and a Kazal-type serine protease inhibitor-pancreatic secretory
trypsin inhibitor domain (residues 44–86). Pro47-Arg48-Asn49-
Leu50 residues represent the P2-P2� reactive site. The amino
acid sequence of mouse SPINK2 shares 55, 82, and 53% simi-
larity with that of human, rat, and bull, respectively. Notably,
cysteine residues were conserved among these species. The
phylogenetic relationships of SPINK2 to the other 12 SPINK
members in mice are shown in Fig. 1B.
Activity of SPINK2 in Vitro—To explore the functional char-

acteristics of mouse SPINK2, we evaluated SPINK2 for serine
protease-inhibitory activity in vitro, assaying the activity ofHis-
tagged SPINK2 in the presence of trypsin and the synthetic
substrate (CBZ-Ile-Pro-Arg)2-Rhodamine110. Upon enzy-
matic cleavage of the two oligopeptide side chains by the serine
protease, the nonfluorescent substrate becomes fluorescent.
This is a sensitive and selective substrate specific for the serine
protease trypsin (21, 22). The results showed that recombinant
SPINK2 protein reduced trypsin activity in a dose-dependent

FIGURE 1. Amino acid sequence, phylogenetic relationships, and domain structure of SPINK2. A, sequence alignment of SPINK2 among four
species. Sequences were aligned using ClustalW2. Amino acids identical in all species are indicated with asterisks. The domain structure, amino acid
number, and molecular mass are presented at the bottom. The conserved cysteine residues are shaded in yellow. The P2-P2� reactive site is depicted by
a blue box. The species names are as follows: Mm, Mus musculus; Hs, Homo sapiens; Rn, Rattus norvegicus; Bt, Bos taurus; SP, signal peptide; KAZAL-PSTI,
Kazal-type pancreatic secretory trypsin inhibitor. GenBank accession numbers for SPINK2 are as follows: Mm, NP_899107; Hs, NP_066937; Rn,
NP_001008870; Bt, NP_001108330. B, phylogenetic tree of mouse SPINK family members. The phylogenetic tree was created by the ClustalW2 method
to evaluate the evolutionary relationship among SPINKs. The SPINKs that are most and least conserved with respect to SPINK2 are SPINK4 (NP_035593)
and SPINK11 (NP_001041682.2), respectively.
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manner (Fig. 2A), confirming its protease-inhibitory activity.
The half-maximal inhibitory concentration (IC50) was 2.73 �M

(�0.45), and the maximal decrease in activity was detected in
the presence of 30 �M SPINK2 protein.
Spink2 Expression Pattern—To investigate the in vivo prop-

erties of Spink2, we first examined its expression profile at the
transcriptional and protein level. The tissue distribution of
Spink2 transcripts was investigated by RT-PCR using cDNAs
from various mouse tissues. Spink2 was expressed strongly in
the testis and weakly in the epididymis, but was not detected in
other tissues (Fig. 3A). To determine which cells transcribe
Spink2 in the testis, we performed RT-PCR with cDNA from
the testes ofW/Wv (c-kit) mutant mice, which lack germ cells.
The results showed that Spink2 transcriptswere absent in testes
devoid of germ cells (Fig. 3B). We also investigated the Spink2
expression pattern in epididymis. Spink2 was expressed in the
epididymis ofW/Wvmutantmice lacking sperm.Mature sperm
was also found to express Spink2, but the expression level was
very low (Fig. 3B). Thus, epididymal expression of Spink2 is
attributable in large to epididymal tissue, rather than sperm
present in the epididymal tract.
RT-PCR was additionally performed using testes from WT

mice obtained at different times after birth (days 8, 10, 12, 14,
16, 20, 30, and 84). Most cells in the testis on days 8–10 are
somatic, and the proportion of germ cells increases as sper-
matogenesis proceeds to produce (in order) spermatogonia,
spermatocytes, and spermatids. If a particular gene is expressed
in germ cells during spermatogenesis, a transcript for the gene
will appear in the testis at a certain postpartum time point cor-
responding to a specific stage of spermatogenesis. Transcrip-
tion of Spink2 was found to start at postnatal day 16, at a time
that corresponds to pachytene spermatocytes (Fig. 3C). Taken
together, our results indicate that Spink2 is expressed predom-
inantly in the testis and exhibits germ cell-specific and devel-
opmentally regulated expression patterns.
To investigate the expression patterns of SPINK2 at the pro-

tein level, we generated a polyclonal antibody against a synthe-

sized peptide (residues 70–86) and performed immunoblot
analyses on testes from WT and W/Wv (germ cell-lacking)
mutant mice. As shown in Fig. 3D, two bands with molecular
sizes of 10 and 8 kDa were detected inWT testes, but no bands
were detected in testes lacking germ cells, confirming the germ
cell-specific expression pattern found in the RT-PCR analysis
(Fig. 3B). Because SPINK2 has a signal peptide (Fig. 1B), it is
highly likely that the 10-kDa band represents the intact precur-
sor SPINK2 protein containing the signal peptide, whereas the
8-kDa protein corresponds to a processed form. Further immu-
noblot analyses, carried out using mouse testes obtained on
different postnatal days, showed a developmentally regulated
expression pattern (Fig. 3E), similar to the RT-PCR results (Fig.
3C). Finally, we examined the expression pattern of SPINK2
protein in germ cells during spermatogenesis. Immunoblot
analyses were performed on cells from different stages during
sperm development, such as testicular spermatogenic cells and
testicular sperm, and mature sperm from the epididymis. The
population of testicular cells includes spermatogenic cells cor-
responding to spermatogonia, spermatocytes, and round sper-
matids. Testicular sperm are a small portion of elongating and
condensing spermatids and a larger fraction of fully developed
sperm. Sperm represent posttesticular, mature sperm from the
cauda epididymis and vas deferens (Fig. 3F). The result showed
that SPINK2 was expressed in all cell types (Fig. 3G). Notably,
the 10-kDa band present in testicular cells was absent from
testicular sperm and mature sperm, suggesting that the signal
peptide of SPINK2 is removed during spermatogenesis.
To establish the cellular localization of SPINK2 further, we

carried out immunohistochemical analysis using paraffin sec-
tions of adultmouse testis. As a result, we observed the SPINK2
signal in the cytoplasmic region of round spermatids, but not in
spermatogonia and spermatocytes (Fig. 4). In addition, as
round spermatids differentiate into spermatozoa, the signal
was detected in acrosomal regions. Our results collectively
demonstrate that mouse SPINK2 protein is specific to germ
cells in the testis and is developmentally regulated during
spermatogenesis.
Generation of Spink2 mutant Mice—The trypsin-inhibitory

activity and germ cell- and stage-specific expression of SPINK2
suggest that SPINK2 plays an important role in male reproduc-
tion. To investigate the in vivo role of Spink2 in the reproduc-
tive process, we generated Spink2 mutant mice by means of
gene trap mutagenesis. Gene trapping is a high-throughput
approach that randomly generates loss-of-function mutations
by introducing insertional mutations across the mouse
genome. Insertion of a gene trap vector with an upstream 3�
splice site and a downstream transcriptional termination
sequence into an intron of an expressed gene results in a fusion
transcript that encodes a truncated protein (23). We screened
public gene trap databases for an ES cell line with insertion of
the gene trap vector in the Spink2 gene, which generates an
abnormal fusion transcript. Such an ES cell line was obtained,
and the precise location of the genomic insertion was mapped
by splinkerette PCR and DNA sequencing analyses. The inte-
gration site of the gene trap vector mapped to a position
upstream of exon 1, producing a fusion transcript lacking exon
1 (Fig. 5A). Chimeric mice and heterozygous mice carrying the

FIGURE 2. Activity of SPINK2 in vitro. Trypsin (42 nM) and His-tagged SPINK2
recombinant protein were incubated with the synthetic substrate (CBZ-Ile-
Pro-Arg)2-Rhodamine110, and activity was determined by measuring
absorbance at 521 nm. The addition of His-tagged SPINK2 recombinant pro-
tein decreased the activity of trypsin. Values are means � S.D. (error bars, n �
3). Statistical significance (*, p � 0.05; **, p � 0.01) was assessed using Stu-
dent’s t test. Each experiment was repeated at least three times.
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gene trap allele (Spink2�/gt) were generated using standard pro-
cedures. Homozygous (Spink2gt/gt) males were obtained by
crossing with heterozygous mice. Spink2�/gt and Spink2gt/gt
micewere verified by PCR genotyping based on sequence infor-

mation (Fig. 5B). Spink2gt/gt mice were born live with the pre-
dicted Mendelian pattern of inheritance. The weights and
growth rates of Spink2gt/gt newborn pups were not significantly
different from those of WT (Spink2�/�) mice. To investigate
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SPINK2 protein expression in Spink2gt/gt mice, we performed
immunoblot analyses on testes using the anti-SPINK2 antibody
described above. This analysis revealed a reduction in SPINK2
levels in the testes from Spink2gt/gtmice compared with that in
WT mice (Fig. 5C). The presence of SPINK2 protein in
Spink2gt/gt mice is likely due to the production of a WT tran-
script by alternative splicing, resulting in hypomorphic muta-
tion, a situation that often occurs in gene trap mutagenesis. It
should be noted that the degree of reduction was variable
among Spink2gt/gtmice (Fig. 5D). This could be because there is
variable penetrance of the effect of the gene trap mutation on
the expression of the Spink2 gene among mice. In subsequent
phenotypic investigations of Spink2gt/gtmice, onlymutantmice
with �50% reduction in SPINK2 levels were examined.
Phenotypic Analyses of Spink2gt/gt Mice—To determine

whether the reduction in SPINK2 levels affected reproductive
functions, we performed a fertility test. Adult WT and
Spink2gt/gt males were mated with WT females. The average
litter size of pups produced over a breeding period was signifi-
cantly reduced in Spink2gt/gt males compared with WT males,
despite frequent observations of vaginal plugs in females. Over-
all, the in vivo fertility rate of Spink2gt/gt males was reduced by
about 40% relative to WT males (Table 1). Adult Spink2gt/gt
female mice exhibited normal fertility (data not shown). Next,
we examined testes from adult Spink2gt/gt mice. Testes from
mutant males were smaller than those from WT littermates
(Fig. 6A). In fact, the testis-to-body-weight ratio was signifi-

cantly lower in Spink2gt/gt mice than in WT mice (Fig. 6B),
suggesting an abnormality in testicular function and/or sper-
matogenesis. To determine whether the observed testicular
changes led to altered sperm production, we evaluated mature
sperm collected from the cauda epididymis and vas deferens of
2-month-old Spink2gt/gt mice andWT littermates. It should be
noted that the appearance and weight of epididymis from
Spink2gt/gt mice were normal compared with those from WT
mice (Fig. 6, C and D). An analysis of sperm revealed a signifi-
cant reduction in sperm counts (48% ofWT) (Fig. 6E). In addi-
tion, we found that Spink2gt/gt mice produced more morpho-
logically abnormal sperm than didWTmice (Fig. 6F). Themost
frequently observed abnormalities were sperm in which the fla-
gellumwas bent at a region between the principal piece and the
mid-piece (Fig. 6G). These results demonstrate that a decrease
in the amount of SPINK2 disrupts testicular integrity and nor-
mal sperm production, leading to reduced fertility.
Abnormalities and Apoptosis in Spink2gt/gt Germ Cells—To

identify the underlying cause of abnormalities in testicular size
and sperm production in Spink2gt/gt mice, we analyzed the his-
tological appearance of seminiferous tubules in the adult testis.
Spink2gt/gt testes contained seminiferous tubules that were sig-
nificantly reduced in size compared with those of WT testes
(Fig. 7,A and B) and exhibited vacuolization and germ cell loss;
in contrast, spermatogenesis was robust in testes from WT
adult males (Fig. 7C). In severe cases, most germ cells were
degenerated, and only a few spermatogenic cells were detected
in the seminiferous tubules of Spink2gt/gt mice (Fig. 7A). To
determine whether the loss of germ cells in Spink2mutant tes-
tes was related to apoptosis, we performed TUNEL assays.
TUNEL staining of histological sections of WT and Spink2gt/gt

testes revealed a significant increase in the number of apoptotic
cells in Spink2gt/gtmice compared withWTmice (Fig. 8, A and
B). These results indicate that SPINK2 is important for the sur-
vival and development of male germ cells and may be involved
in regulating apoptosis in these cells.
Increased Serine Protease Activity in Spink2gt/gt Testes—

Germ cell apoptosis in Spink2gt/gt testes might be directly
related to excessive activity of serine proteases. We measured
protease activity in the testis lysates ofWT and Spink2gt/gtmice
using the synthetic substrate (CBZ-Ile-Pro-Arg)2-Rhoda-
mine110. This analysis revealed that serine protease activity is
significantly higher in Spink2gt/gt testes comparedwithWT tes-
tes (Fig. 8C), indicating dysregulated protease activity in the
mutant testes. Finally, we investigated whether caspase-3, an
executioner of caspase-dependent apoptosis, is activated dur-

FIGURE 3. Distribution of Spink2 transcripts and protein. A, tissue distribution of Spink2, showing predominant transcription in testes. Complementary DNAs
from various mouse tissues were amplified by PCR. Gapdh was included as a loading control. T, testis; E, epididymis; O, ovary; B, brain; H, heart; K, kidney; Li, liver;
Lu, lung; Sp, spleen; Gapdh, glyceraldehyde-3-phosphate dehydrogenase. B, germ cell-specific expression of Spink2. RT-PCR was performed using testes and
epididymis from WT and germ cell-lacking W/Wv mice and mature sperm. Protamine 1 (Prm1) was used as a control. C, developmental expression pattern of
Spink2. Juvenile spermatogenesis consists of mitotic, meiotic, and postmeiotic phases. Stage-specific expression of Spink2 was determined from mouse testes
on different days after birth (days 8, 10, 12, 14, 16, 20, 30, and 84). PL, preleptotene; L, leptotene; Z, zygotene; P, pachytene; D, diplotene; MI, meiotic division I;
MII, meiotic division II. D, SPINK2 protein in WT and W/Wv testes. Total lysates from WT testes and germ cell-lacking testes from W/Wv mutant mice were
immunoblotted with the anti-SPINK2 antibody. SPINK2 was only found in normal mouse testes. An anti-�-tubulin antibody was used as a control. E, stage-
specific expression of SPINK2 during spermatogenesis examined by immunoblotting using total lysates obtained from prepubertal and adult male mice (days
7, 14, 21, 28, 35, 42, 49, and 56). SPINK2 was present from day 21, and the processed form was detected beginning on day 35. F, diagram of sperm development
and maturation. Three populations of cells analyzed in the present study are shown: testicular cells (TC), testicular sperm (TS), and mature sperm (S). G, protein
samples from TC, TS, and S immunoblotted with the anti-SPINK2 antibody. The 8-kDa protein is considered a processed form that lacks the signal peptide
present in the 10-kDa protein. SPINK2 was present in all stages of germ cells. ADAM2 protein was included as a reference protein.

FIGURE 4. Immunohistochemical analysis of SPINK2. Paraffin sections of
mouse testis were stained with anti-SPINK2 antibody and normal rabbit
serum. The nucleus was stained by Hoechst 33342 dye. Ab, specific antibody;
Hoechst, Hoechst staining; Merge, merged images between antibody and
Hoechst. Scale bar, 5 �m.
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ing apoptosis caused by SPINK2 deficiency. In general, upon
caspase-dependent apoptotic stimulation, caspase-3 is formed
from a 32-kDa pro-caspase-3 that is cleaved into 17- and
12-kDa subunits. Our immunoblot analysis showed that 17-

and 12-kDa subunits of caspase-3 were absent from both WT
and Spink2gt/gt testes samples (Fig. 8D). Thus, our results indi-
cate that SPINK2 indeed functions as a serine protease inhibi-
tor and the deficiency of SPINK2 causes apoptosis independent
on caspase.

DISCUSSION

Genes expressed specifically or predominantly in male
germ cells are critical for spermatogenesis. The present
study provides new information on the Kazal-type serine
protease inhibitor, Spink2, at transcriptional, protein, and
functional levels in mice. We found that the Spink2 gene is
transcribed predominantly in the testis, where its transcrip-
tion is limited to germ cells. Protein analyses demonstrated
the presence of SPINK2 in spermatogenic cells and mature

FIGURE 5. Generation of Spink2 mutant mice. A, schematic diagram of the Spink2 gene and gene trap vector insertion. The numbers in the boxes indicate
exons, and filled boxes show coding regions of SPINK2. The gene trap construct contains a splicing acceptor sequence (SA), internal ribosome entry site (IRES),
enhanced GFP gene (EGFP), polyadenylation signal (pA), neomycin resistance gene (neo), splicing donor sequence (SD), and �-galactosidase-neomycin
resistance fusion gene. Arrows refer to primers (a, b, c, and d) used in B. WT, PCR from wild-type allele; GT, PCR from allele with gene trap mutation. B, PCR
genotyping analysis using the allele-specific primers shown in A. Amplification with primers a and b (WT allele) yielded a 741-bp PCR product, and amplification
with primers c and d (GT allele) yielded a 293-bp PCR product. C, SPINK2 expression levels in Spink2 mutant testes. Testis samples from WT (Spink2�/�), and
Spink2 mutant mice (Spink2gt/gt) were immunoblotted with an antibody against SPINK2. An anti-�-tubulin antibody was used as a control for sample loading.
Immunoblot from the analysis of Spink2gt/gt mouse showing the average value of reduction (�75%) among the mutant mice is shown. D, expression level of
SPINK2 in Spink2gt/gt mice subjected to phenotypic analysis.

TABLE 1
Effect of SPINK2 deficiency on male fertility

Parameter
Genotype of males

Spink2�/� Spink2gt/gt

Number of males mated 7 7
Number of females mated 14 14
Males producing plugs (%) 100 100
Pregnant females (%) 100 92.86
Average litter size 8.56 5.19
Fertility ratea (%) 100 60.63b

a Defined as the percentage of the average WT litter size.
b p � 0.01.
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sperm. Importantly, we generated mutant mice expressing
SPINK2 at reduced levels and found that fertility was
significantly decreased in mutant male mice. Further pheno-
typic analyses revealed that testicular integrity was dis-
rupted, leading to significant changes in sperm number and
morphology. Finally, we found that testes from mutant
mice exhibited abnormal spermatogenesis and germ cell
apoptosis.
Cell death occurs through several processes, namely necro-

sis, autophagy, and apoptosis. Apoptosis is a type of cell death
that does not cause cell lysis and therefore does not initiate
immune responses. Among the distinctive features of apoptotic
cells are nuclear and cytoplasmic condensation, membrane
blebbing, and internucleosomal DNA fragmentation, which
produces a characteristic laddering pattern on agarose gels (24).
Caspases have traditionally been presumed to play a dominant
role as the primary mediator of apoptosis. However, several
lines of evidence indicate that serine proteases also play crucial
roles in mediating and promoting apoptosis through both

FIGURE 6. Phenotypic analyses of Spink2 mutant mice. A, macroscopic
appearance of adult testes from an 8-week-old Spink2gt/gt mouse and a WT
littermate (Spink2�/�). Scale bar, 2 mm. B, comparison of testis weight in
Spink2�/� and Spink2gt/gt mice. The organs were trimmed of fat and weighed.
Values are means � S.E. (error bars). Statistical significance (*, p � 0.05; n � 8)
was assessed using Student’s t test. The average testis weight:body weight
ratios for WT and Spink2gt/gt males were 0.0071 � 0.0004 and 0.0055 �
0.0005, respectively. C, macroscopic appearance of adult epididymis from
Spink2gt/gt and Spink2�/� mice. Scale bar, 4 mm. D, epididymis weight in
Spink2gt/gt mouse and a WT littermate (n � 5). Values are means � S.E. The
average epididymis weight:body weight ratios for WT and Spink2gt/gt males
were 0.0025 � 0.0001 and 0.0025 � 0.0001, respectively. E, number of mature
sperm from Spink2�/� and Spink2gt/gt mice. Sperm were collected from the
cauda epididymis and vas deferens. Values are means � S.E. Statistical signif-
icance (**, p � 0.01; n � 8) was assessed using Student’s t test. The average
numbers of mature sperm in WT and Spink2gt/gt males were 2.89 � 0.40 � 107

and 1.29 � 0.27 � 107, respectively. F, percentage of sperm from Spink2�/�

and Spink2gt/gt mice with morphological abnormalities. Sperm were collected
from the cauda epididymis and vas deferens. Values are means � S.E. Statis-
tical significance (*, p � 0.05; n � 6) was assessed using Student’s t test. The
percentage of abnormal sperm in WT and Spink2gt/gt males was 3.24 � 0.86%
and 17.89 � 5.78%, respectively. G, morphological abnormalities of
Spink2gt/gt sperm. Sperm were collected from the cauda epididymis and vas
deferens and observed under a light microscope. The principal morphologi-
cal abnormality observed was bending at the principal and middle piece
junction. Scale bar, 10 �m.

FIGURE 7. Histological analyses of testes from adult Spink2 mutant mice.
A, histological sections of seminiferous tubules prepared from testes of
Spink2�/� and Spink2gt/gt mice stained with hematoxylin and eosin. The sem-
iniferous tubules in Spink2gt/gt mice were markedly degenerated compared
with those in Spink2�/� testes. Arrows indicate abnormal vacuoles. Some
tubules contained only a few spermatogenic cells around basal compart-
ments (asterisks). Scale bar, 100 �m (upper) and 50 �m (lower). B, comparison
of the size of seminiferous tubules in Spink2�/� and Spink2gt/gt mice. The size
was the shortest diameter in each tubule. Values are means � S.E. (error bars).
Statistical significance (*, p � 0.05; n � 5) was assessed using Student’s t test.
The average size of seminiferous tubules in WT and Spink2gt/gt males was
283.82 � 12.00 nm and 192.98 � 12.10 nm, respectively. C, abnormal semi-
niferous tubules in Spink2�/� and Spink2gt/gt mice. Values are means � S.E.
Statistical significance (*, p � 0.05; n � 3) was assessed using Student’s t test.
The average percentage of abnormal seminiferous tubules in WT and
Spink2gt/gt males was 2.19% � 0.28% and 33.03% � 6.62%, respectively.
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caspase-independent (25) and -dependent mechanisms (26).
The involvement of serine proteases in programmed cell death
was first suggested in a study showing that inhibitors of serine
proteases prevent apoptosis in SK-MEL-109 melanoma cells
(27). To date, several serine proteases, including EOS, Omi/
HtrA2, granzyme A and B, thrombin, and AP24, have been
reported to regulate apoptosis. Consistent with the involve-
ment of serine proteases in apoptosis, serine protease inhibi-
tors, such as serpins, cytokine response modifier A (CrmA),
serine protease inhibitor 1 (SPI-1), proteinase inhibitor 9 (PI-9),
plasminogen activator inhibitor 2 (PAI-2), protease nexin 1
(PN-1), and serine protease inhibitor 2 (SPI-2), have also been
reported to regulate apoptosis (28, 29). Collectively, these
observations indicate that serine proteases are integrally
involved in the induction of apoptosis.
Given the relationship between serine protease activity and

apoptosis, serine protease inhibitors such as SPINKs deserve

special attention. SPINK1, SPINK3, and SPINK5 have been
found to have trypsin-inhibitory activities (13, 22, 30). Dysregu-
lation of SPINK proteins is known to cause severe diseases.
Spink5 knock-out mice exhibit premature proteolysis of cor-
neodesmosin, causing Nertherton syndrome (30, 31). Muta-
tions in human SPINK1 are associated with chronic pancreati-
tis (32). Mice lacking Spink3, an ortholog of human SPINK1,
exhibit autophagic cell death and impaired regeneration of pan-
creatic acinar cell because of increased trypsin activity (22, 33).
Importantly, recent studies have demonstrated that up-regula-
tion of SPINK1 causes cellular resistance to serine protease-de-
pendent apoptosis (34, 35). Our present study demonstrated
that recombinant SPINK2 also possesses trypsin-inhibitory
activity, and Spink2gt/gt testes exhibit an increase in serine pro-
tease activity. Further, we provided evidence that SPINK2 defi-
ciency leads to apoptosis in germ cells without the activation of
caspase-3. Thus, we propose that SPINK2 is directly involved in
serine protease-dependent germ cell apoptosis. Whether
SPINK2 regulation of serine proteases involved in programmed
cell death takes place in intracellular or extracellular compart-
ments is not yet clear. However, SPINK2 contains a signal pep-
tide that was found to be processed during spermatogenesis,
suggesting that the protein could be secreted; as such, it could
regulate extracellular proteases that activate apoptosis-trigger-
ing cell surface receptors. Alternatively, SPINK2 may control
intracellular proteolytic events involved in apoptosis.
Apoptosis of germ cells appears to be a continuous feature of

the adult testis. The number of germ cells in seminiferous
tubules is determined by a dynamic balance between prolifera-
tion and apoptotic death of germ cells. Germ cells undergoing
both mitosis and meiosis tend to have a high probability of
genetic errors; thus, germ cells depend on the capacity to
induce cell death to eliminate cells with genetic defects (36). On
the other hand, apoptosis should be regulated in postmeiotic
germ cells to maintain the population of spermatozoa. There-
fore, regulation of apoptosis is important for maintaining nor-
mal spermatogenesis. SPINK2 may act as a major regulator of
apoptosis during the postmeiotic phase.
In conclusion, we comprehensively investigated Spink2 in

mice, providing key information on testicular distribution,
expression patterns in germ cells, and reproductive defects in
Spink2mutant mice. Notably, our study suggests that SPINK2
is required for maintaining normal spermatogenesis, poten-
tially acting as a regulator of proteolytic events and apoptosis in
germcells. This is the first study highlighting the role of aKazal-
type protease inhibitor in reproduction.Our discovery provides
a framework for future studies designed to address the detailed
mechanisms during male germ cell development.
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