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We cloned a testis-specific cDNA from mice that encodes a histone H1-like, haploid germ cell-specific nuclear
protein designated HANP1/H1T2. The HANP1/H1T2 protein was specifically localized to the nuclei of murine
spermatids during differentiation steps 5 to 13 but not to the nuclei of mature sperm. HANP1/H1T2 contains
an arginine-serine-rich domain and an ATP/GTP binding site, and it binds to DNA, ATP, and protamine. To
investigate the physiological role of HANP1/H1T2, we generated Hanp1/H1T2-disrupted mutant mice. Homozy-
gous Hanp1/H1T2 mutant males were infertile, but females were fertile. Although a substantial number of
sperm were recovered from the epididymides, their shape and function were abnormal. During sperm mor-
phogenesis, the formation of nuclei was disturbed and protamine-1 and -2 were only weakly detectable in the
nuclei. The chromatin packaging was aberrant, as demonstrated by electron microscopy and biochemical
analysis. The mutant sperm exhibited deficient motility and were not competent to fertilize eggs under in vitro
fertilization conditions; however, they were capable of fertilizing eggs via intracytoplasmic sperm injection that
resulted in the birth of healthy progeny. Thus, we found that HANP1/H1T2 is essential for nuclear formation
in functional spermatozoa and is specifically involved in the replacement of histones with protamines during
spermiogenesis. At the time of submission of the manuscript, we found an independent publication by
Martianov et al. (I. Martianov, S. Brancorsini, R. Catena, A. Gansmuller, N. Kotaja, M. Parvinen, P. Sassone-
Corsi, and I. Davidson, Proc. Natl. Acad. Sci. USA 102:2808–2813, 2005) that reported similar results.

The complex process of spermatogenesis includes three ma-
jor events: proliferation and differentiation of the spermatogo-
nia, meiotic prophase in the spermatocytes, and drastic mor-
phological changes during differentiation from the haploid
round spermatids to the mature sperm (24). These events
begin after birth, and approximately 35 days are required for
the development of mature sperm in the mouse. The differen-
tiation of the haploid germ cells (spermiogenesis) begins at 17
days of age in the mouse. Spermiogenesis involves diverse and
complex processes, such as packaging and remodeling of the
haploid germ cell nucleus, rearrangement of mitochondria,
development of the flagellum, and formation of the acrosome.
During this phase, the composition of the chromatin is altered
dramatically (29). The changes in the nuclear proteins occur in
association with the displacement of general nucleohistones by
transition proteins (TNP) and other proteins, including a num-
ber of testis-specific histones and nonhistone chromosomal
proteins (3, 12, 13, 17, 31) that are subsequently replaced with
protamines to form nucleoprotamines (2, 20). The transition
from histones to protamines in the chromatin of the haploid
germ cells is accompanied by epigenetic changes (19) and the
specific formation of nuclei in the sperm (25); these changes

are associated with chromosome condensation and the shaping
of the nucleus. Recently, mice with null mutations in TNP1 or
TNP2 were found to be subfertile (32, 33), and mice with null
mutations in both TNP1 and TNP2 were infertile (34). The
nuclei of the sperm from the double TNP mutant mice con-
tained protamines, despite the absence of an intermediate nu-
cleosomal state involving TNPs (34).

Thus, the details of the mechanisms of these drastic physi-
ological changes remain to be elucidated. Previously, we iso-
lated cDNA clones of genes that are specifically expressed in
mouse haploid germ cells from a subtraction library (9). In this
study, we identified and characterized a novel haploid germ
cell-specific nuclear protein (HANP1) in the mouse testis that
is involved in the histone-protamine transition of sperm chro-
matin and the subsequent production of functional sperm.

MATERIALS AND METHODS

Cloning of the Hanp1/H1T2 gene. A haploid germ-cell-specific cDNA library
was previously generated in the pAP3neo vector by subtracting the mRNA from
the testis of a 17-day-old mouse from a cDNA library produced from the testes
of an adult (35-day-old) mouse (9). Clones were randomly selected from the
subtracted cDNA library and used to probe Northern blots of testis-specific
mRNA isolated from mice of various ages. We designated the testis-specific
cDNA sequence tags as “transcripts increased in spermiogenesis” (TISP). One of
the clones so isolated, TISP-8, possessed an open reading frame encoding a
peptide with a high percentage of basic amino acids. Using the TISP-8 partial
cDNA as a probe to screen an adult mouse testis library, we isolated the entire
cDNA sequence, hereafter designated Hanp1/H1T2.

Biochemical characterization of HANP1/H1T2. Samples of various tissues
were collected from C57BL/6 mice; the germ and somatic cells were prepared
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from the testes as described in our previous report (16). The total RNAs were
extracted from the samples using the RNAzol TM B reagent (Tel-Test Inc.,
Friendswood, TX) according to the manufacturer’s instructions and were quan-
tified by measurement of the optical density.

Synthetic peptides were designed from the deduced amino acid sequence of
HANP1/H1T2 (ACH; EVRREISSHHEGKSTRLEKG; residues 71 to 90), syn-
thesized, purified (SAWDY, Kyoto, Japan), and used to produce polyclonal
antiserum to HANP1/H1T2 in rabbits.

Samples of various C57BL/6 mouse tissues were lysed with radioimmunopre-
cipitation assay buffer (10 mM Tris-HCl, pH 7.5; 0.15 M NaCl; 1% NP-40; 0.1%
sodium deoxycholate; 0.1% sodium dodecyl sulfate [SDS]; 1 mM EDTA; 1 mM
phenylmethylsulfonyl fluoride). Nuclear and cytoplasmic fractions of the testic-
ular germ cells were prepared as described in our previous report (27). After
centrifugation, aliquots of the samples (50 �g/lane) were separated by SDS–15%
polyacrylamide gel electrophoresis (PAGE), and the proteins were transferred to
polyvinylidene difluoride membranes (Millipore, Bedford, MA). The membranes
were blocked with TBS-T (25 mM Tris-HCl, pH 7.5; 150 mM NaCl; 50 mM KCl;
0.05% Tween 20) containing 5% nonfat dried milk and then incubated with
rabbit anti-HANP1/H1T2 polyclonal antibody diluted 1:1,500 in TBS (25 mM
Tris-HCl, pH 7.5; 150 mM NaCl; 50 mM KCl). The membranes were then
reacted with horseradish peroxidase-conjugated anti-rabbit immunoglobulin G,
and the bound antibodies were detected using a peroxidase staining kit (Wako,
Osaka, Japan).

The binding affinity between the HANP1/H1T2 protein and DNA or ATP was
determined from the elution profile of HANP1/H1T2, protein from DNA-cel-
lulose columns, or ATP-agarose beads. The nuclear lysate from testicular germ
cells was applied to a DNA-cellulose column (Sigma-Aldrich, Tokyo, Japan) with
a 0.5-ml bed volume in 50 mM Tris-HCl buffer (pH 7.5). After washing with 50
mM Tris-HCl buffer (pH 7.5), the column was eluted with various concentrations
of NaCl, and each fraction was subjected to Western blotting with anti-HANP1/
H1T2. To assess the binding affinity of HANP1/H1T2 for ATP, a plasmid en-
coding an enhanced green fluorescent protein (EGFP)-HANP1/H1T2 fusion
protein was transfected into HEK-293 cells. Replicate samples of the transfected
and mock-transfected cells were harvested 16 h later and lysed by homogeniza-
tion in 1 ml of TBS-T buffer. After centrifugation, the cleared lysates were passed
through 0.45-�m-pore-size SteraDisk filters (Kurabo, Osaka, Japan). The fil-
trates were mixed with ATP-agarose beads (Sigma-Aldrich) with a 0.5-ml bed
volume in TBS-T buffer. The beads were washed three times with 0.5 ml of
TBS-T buffer and eluted by boiling in 100 �l of SDS-PAGE sample buffer. The
eluates (30 �l) were subjected to Western blot analysis using anti-GFP rat
monoclonal antibodies.

The Hanp1/H1T2, Prm1, hils1, and histone H1c cDNAs were amplified by PCR
and cloned into the EcoRI sites of the pmRFP-C1 and pEGFP-C1 plasmids
(Clontech), respectively (13). The resulting clones expressed mRFP-HANP1/
H1T2, EGFP-protamine, EGFP-HILS1, mRFP-HILS1, and EGFP-histone H1c
fusion proteins and were used for coimmunoprecipitation experiments and for
observation of subcellular localization in HEK-293 cells. The HEK-293 cells
were transfected with the expression vectors using Lipofectamine Plus reagent
(Life Technologies, Inc.).

DNA column chromatography of in vitro-translated HANP1/H1T2, histone
H1, and HILS1 was performed to examine the DNA binding ability of each
protein. PCR amplification of mouse histone H1 and hils1 cDNA was performed
with a set of synthetic oligonucleotide primers based on the histone H1c and hils1
sequences (GenBank/EMBL/DDBJ accession numbers NM_015786 and
AB022320 [13]). The Hanp1/H1T2 cDNA fragment containing the entire coding
region was amplified using PCR with the set of synthetic oligonucleotide primers
Hanp1-5� (5�-GGCCATGGCTGAGGCTGTCCAG-3�), based on the Hanp1 se-
quence with a NcoI restriction site, and Hanp1-3� (5�-GGCCATGGCATTAA
GGAGACTCAGTGTCC-3�), also with an NcoI linker. Each PCR product was
subcloned into the pET30a expression vector (Novagen) using appropriate re-
striction enzymes. For in vitro translation using STP2, T7 (Novagen) was used,
and both proteins were labeled with 35S-protein labeling mix (Amersham Bio-
sciences), as described by the manufacturer. Aliquots of proteins translated in
vitro were applied to double-stranded DNA-cellulose columns (Amersham Bio-
sciences). After sufficient washing with the same buffer as that used for the
DNA-binding assay, each column was eluted with five volumes of the same buffer
containing seven consecutive concentrations of NaCl (0.1, 0.2, 0.3, 0.5, 1.0, 2.0,
and 3.0 M) and denaturing buffer containing 6 M guanidine-HCl and 0.2 M
acetic acid. The eluted samples were concentrated by trichloroacetic acid pre-
cipitation, and equal fractionation aliquots were subjected to SDS–15% PAGE.
The gels were then fixed in a solution of 10% acetic acid with 10% methanol,
dried, and autoradiographed using an ImageAnalyzer (Fuji Photo Film).

Construction of the Hanp1/H1T2 targeting vector and production of Hanp1/

H1T2 knockout mice. The Hanp1/H1T2-targeting construct was created by PCR
amplification of 5� and 3� homology arms of 3.5 and 4.9 kb, respectively, from
129Sv genomic DNA. The oligo primers used for amplification of the homology
arms were designed to incorporate synthetic restriction enzyme sites at both
ends. The two amplified fragments were digested with the appropriate enzymes
and sequentially ligated into the polylinker cloning sites on either side of the
neomycin resistance gene in the targeting vector backbone. The targeting vector
construct contained the neomycin resistance gene and the thymidine kinase gene,
both under the control of the phosphoglycerate kinase promoter. The vector
plasmid was linearized by digestion with NotI prior to electroporation into W9.5
embryonic stem (ES) cells. Of the 720 G418-ganciclovir-resistant clones ob-
tained, 4 were found by Southern blot analysis to have undergone the correct
homologous recombination. The ES cells from each of the four lines were
injected into C57BL/6J blastocysts, resulting in the birth of male chimeric mice.
Highly chimeric males were mated with C57BL/6J wild-type females to generate
F1 offspring, half of which were heterozygous for the targeted allele. Of the four
ES cell lines injected, only one produced a high percentage of germ line chime-
ras. Heterozygous F1 males were then crossed to C57BL/6 females to obtain
heterozygous F2 animals. Heterozygous F2 animals were bred to obtain homozy-
gous mutants and to verify the Mendelian pattern of inheritance. Ten mice older
than 3 months of age were used to determine the fertility rate by monitoring
three pregnancies in each fertile mouse. The assessment of phenotypic variation
and the biochemical analyses were conducted on samples from at least three
individuals, as described below.

Morphological assessment of testis and epididymal sperm. For immunohis-
tochemical observation of HANP1/H1T2 expression, testes were collected from
knockout and control mice, fixed in Carnoy’s fixative, embedded in paraffin, and
sectioned at a thickness of 8 �m. Sperm from the cauda epididymis were har-
vested, dried on glass slides, and fixed in Carnoy’s fixative for 10 min. The
samples were treated with 0.05 M �-mercaptoethanol in TBS before incubation
with the appropriate monoclonal antibodies, as previously described (26, 34). For
electron microscopic observations, the animals were perfused with 3% glutaral-
dehyde in HEPES buffer (10 mM HEPES, 145 mM NaCl). After fixation with
1% osmium tetroxide, the testes and cauda epididymides were embedded in
Epon resin. Selected areas were sectioned and examined.

Analysis of sperm. The germ cell fractions were prepared from the testes as
described in our previous report (16). The nuclei of germ cells and sperm were
prepared by sonication, and the basic proteins were extracted and separated by
PAGE on acid-urea gels (33). The fractions from three mice were loaded in
duplicate on each of two acid-urea gels. One gel was stained with Coomassie
brilliant blue to identify the nuclear proteins, and the other was used for Western
blot analysis.

Fluorescence-activated cell sorting (FACS) analysis was performed to deter-
mine the extent of DNA condensation in sperm from the Hanp1/H1T2 mutant
mice, as previously described (33). Sperm were isolated from the cauda epidid-
ymides of mutant and control mice. After incubation for 1 h in TYH medium
(30), the sperm were subjected to mild sonication and azide was added to a final
concentration of 0.025%. The sperm were then stained with propidium iodide
and analyzed on a flow cytometer.

Computer-assisted sperm analysis was performed to examine sperm motility,
as previously described (28). At least 200 sperm were counted in order to
evaluate the percentage of progressively motile sperm, the straight-line velocity,
the curvilinear velocity (VCL), the amplitude of lateral head displacement, and
linearity. Only the VCL data were reported.

In vitro fertilization assays were performed as previously described (30).
Briefly, sperm samples were collected from the cauda epididymides of each male,
capacitated in TYH medium at 37°C for 1 h, and then introduced into oocytes
with cumulus cells. The inseminated oocytes were placed in 0.3 ml of TYH
droplets, covered with mineral oil, and incubated at 37°C in 5% CO2. After 24 h,
successfully fertilized eggs were counted and transplanted into the uteri of
pseudopregnant females.

Intracytoplasmic sperm injection (ICSI) was performed as described by others
(15). Briefly, sperm collected from the epididymides were suspended in 12%
polyvinylpyrolidone (360 kDa) and decapitated with one Piezo pulse (Prime
Tech, Tokyo, Japan). The detached heads were introduced into the cytoplasm of
unfertilized cumulus-free eggs. After incubation in kSOM medium for 24 h (11),
the eggs, at the two-cell stage, were implanted into pseudopregnant females.

RESULTS

The testis-specific Hanp1/H1T2 gene encodes a histone H1-
like protein. To provide molecular tools for the examination of
the processes involved in sperm morphogenesis, we had pre-
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viously isolated many cDNA clones that are specifically ex-
pressed in testicular germ cells from a subtracted cDNA library
produced using haploid germ cell-specific cDNA clones (9). In
this study, we found that one clone, designated TISP-8 for

transcript increased in spermiogenesis (TISP), encoded a pro-
tein containing an extensive series of basic amino acids. Using
the TISP-8 partial cDNA as a probe, we isolated a complete
cDNA clone, subsequently designated Hanp1/H1T2, from an

FIG. 1. Sequence analyses of the Hanp1/H1T2 gene. (A) The full-length sequence of the Hanp1/H1T2 cDNA (DNA Data Base of Japan,
accession numbers AB016273 and AY496853). The box, bar, and shadowed box indicate the putative histone globular domain, ATP-binding site,
and RS domain, respectively. (B) The alignment of the deduced amino acid sequence of the globular domain of HANP1/H1T2 with various histone
H1 protein sequences. The asterisks and dots indicate similar and homologous amino acids, respectively. (C) A phylogenetic tree of the globular
domains of various histone H1 proteins generated using the neighbor-joining method.

FIG. 2. The expression profiles of Hanp1/H1T2 mRNA (A and B) and protein (C and D) in mouse tissues. (A) Total RNA was prepared from
various organs and hybridized with a Hanp1/H1T2-specific probe. Cells recovered from adult mouse testes were separated into germ and somatic
cell fractions. (B) The expression of Hanp1/H1T2 mRNA in the testes at different stages of development (numbers indicate days of age). Western
blot analysis of HANP1/H1T2 expression using anti-HANP1/H1T2 rabbit antiserum in various adult mouse tissues (C) and in the testes at different
stages of development and in subcellular fractions of testicular germ cells (D). The cryptorchid (cryp.) testes and mutant testes of jsd/jsd W/Wv
S117H/S117H mice do not have spermatocytes and more differentiated germ cells after 12 weeks of age. Fr., fraction.
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adult mouse testis library. The complete Hanp1/H1T2 nucleo-
tide sequence (DNA Data Bank of Japan, accession number
AB016273), and the deduced amino acid sequence are shown
in Fig. 1. The deduced amino acid sequence of the HANP1/
H1T2 protein consisted of a region homologous to histone H1,
an ATP/GTP-binding site motif A, an RS domain consisting of
arginine-serine repeats, and 14 phosphorylation sites for pro-
tein kinase C (consensus sequence, S/T-X-R/K). The basic
amino acids lysine and arginine composed 25% of the total
amino acids predicted from the Hanp1/H1T2 cDNA sequence
(Fig. 1). Phylogenetic analysis of HANP1/H1T2 and the glob-
ular domains of histone H1 showed that HANP1/H1T2 prob-
ably shares a common ancestor with various histone H1s (Fig.
1C) and that it is conserved in the human (data not shown).

Hanp1/H1T2 is specifically expressed in haploid germ cells.
Tissue-specific Northern blot analysis had previously shown
that Hanp1/H1T2 mRNA was exclusively expressed as a 1.4-kb
transcript in the adult mouse testis but not in the testes of
younger animals, in cryptorchid mice, or in mutants having no

differentiated germ cells (7). In testicular cells, the expression
of Hanp1/H1T2 mRNA was not detected in somatic cells and
was limited to germ cells (Fig. 2A) in animals older than 21
days of age (Fig. 2B), indicating that the positive cells were
likely to be spermatids. Western blot analysis using anti-
HANP1/H1T2 antiserum detected a 44-kDa band in the testes
of mice older than 21 days (Fig. 2D) but showed no positive
bands in sperm (data not shown). The HANP1/H1T2 protein
was exclusively detected in the nuclear fraction (Fig. 2C and D)
in Western blot analysis of subcellular extracts from testicular
germ cells.

Hanp1/H1T2 expression is localized to the nucleus. The de-
velopment of mouse haploid spermatids has been classified
into 16 sequential steps following meiotic division (24). The
immunohistochemical examination of the adult mouse testis
showed that the nuclei of spermatids in developmental steps 5
to 13 were positive for HANP1/H1T2 (Fig. 3), which was con-
sistent with the findings from the Western blots of adolescent
testes and subcellular germ cell fractions (Fig. 2D). These

FIG. 3. Expression of HANP1/H1T2 in cross sections of the mouse testis. Immunohistochemical staining of testis tissue sections with
preimmune serum (A) or anti-HANP1/H1T2 rabbit serum (B to E). Expression of HANP1/H1T2 during developmental stages V and VI (C), IX
(D), and X and XI (E) of the seminiferous tubules. Higher magnification images of each stage were counterstained with hematoxylin (blue). The
nuclei of round and elongated spermatids were strongly stained with anti-HANP1/H1T2 antibody (brown).
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results indicated that the HANP1/H1T2 protein is localized to
the spermatid nuclei and that the timing of Hanp1/H1T2 gene
transcription and translation is precisely regulated during the
development of male germ cells.

HANP1/H1T2 is able to directly or indirectly bind to DNA,
ATP, and protamines. The nuclear localization and elevated
basic amino acid content of HANP1/H1T2 suggested an asso-
ciation of HANP1/H1T2 protein with nucleic acids. To exam-
ine the DNA binding activity of endogenous HANP1/H1T2
protein in male germ cells, testicular extracts were applied to
double- or single-stranded calf thymus DNA-cellulose minicol-
umns, and the proteins were eluted with stepwise increasing
concentrations of NaCl. HANP1/H1T2 was detected mainly in
the fractions eluted from both types of DNA columns with 0.1
to 0.3 M NaCl (Fig. 4A), indicating that HANP1/H1T2 or its
complexes bind to both double- and single-stranded DNA.

HANP1/H1T2 was also detected in the flowthrough fraction.
The reapplication of the flowthrough fraction to fresh DNA-
cellulose minicolumns showed the HANP1/H1T2 present in
the flowthrough fraction rarely binds to the DNA columns
(data not shown). Next, we compared the DNA binding ability
with other linker histones expressed in spermiogenesis.

HANP1 ability is weaker than both histone H1 and hils1 (Fig.
4B). These results indicated that HANP1/H1T2 or its com-
plexes might have alternative forms that are unable to bind to
DNA. HANP1/H1T2 protein was also found to bind to ATP-
agarose minicolumns, suggesting that ATP might act as a co-
factor in the regulation of HANP1/H1T2 (Fig. 4C). We also
examined the ATPase activity of mRFP-HANP1/H1T2 recom-
binant protein. However, we did not detect activity in the
immunoprecipitant of an extract of HEK 293 cells expressing
mRFP-HANP1/H1T2 (data not shown). HANP1/H1T2 was
identified for the first time as a histone H1-like protein having
an RS domain that is transiently expressed during mouse sper-
miogenesis.

Members of the SR protein family having RS domains play
important roles in the tissue-specific regulation of alternative
pre-mRNA splicing (10). Recently, it was also reported that
RS domains were involved in protein-protein interactions (22).
As HANP1/H1T2 is expressed in nuclei at the time of the
transition from histones to protamines in chromatin during
spermiogenesis, we examined whether HANP1/H1T2 associ-
ates with protamine-1 by using ectopic expression of tagged
proteins, because neither the anti-HANP1/H1T2 nor anti-pro-

FIG. 4. Biochemical characterization of HANP1/H1T2 protein. (A) DNA binding assay with double-stranded (ds) or single-stranded (ss)
DNA-cellulose columns. The chromatography conditions are indicated at the top. Input, the amount of HANP1/H1T2 applied to each column;
F/T, flowthrough; Wash, wash fraction; numbers indicate the concentrations of NaCl in the elution buffer. The total protein contained in each
fraction was electrophoresed, and Western blots were performed using anti-HANP1/H1T2 antiserum. (B) In vitro-translated and 35S-labeled
HANP1/H1T2, Hils1, or histone H1c protein was applied to a double-stranded DNA cellulose minicolumn and eluted with increasing concen-
trations of NaCl. Aliquots (wash and 0.1 to 3.0 M NaCl were 1/4 volume; the GuHCl was 1/12 volume) of each fraction were separated by
SDS-PAGE, and the gels were autoradiographed. F/T and GuHCl represent the flowthrough fraction and denaturing buffer, respectively (13). (C)
ATP binding assay on ATP-Sepharose columns. EGFP or EGFP-HANP1/H1T2 recombinant protein was applied to ATP-Sepharose affinity
columns and washed with TBS-T buffer (wash fractions 1 and 2). The ATP-Sepharose was eluted by boiling in SDS-PAGE sample buffer, and
Western blots were performed using anti-EGFP rat monoclonal antibody. (D) Coimmunoprecipitation of recombinant proteins mRFP-HANP1/
H1T2 EGFP–protamine-1, EGFP-histone H1, and EGFP-HILS1. Recombinant proteins were coexpressed in HEK293 cells and electrophoresed
(cell lysate) or coimmunoprecipitated with anti-mRFP rabbit serum and protein A-Sepharose beads (IP). Lane 1, EGFP–protamine-1 and
mRFP-HANP1/H1T2; lanes 2 and 4, EGFP control and mRFP-HANP1/H1T2; lanes 3 and 7, EGFP–protamine-1 and mRFP control; lane 5,
EGFP-histone H1 and mRFP-HANP1/H1T2; lane 6, EGFP-HILS1 and mRFP-HANP1/H1T2; lane C, EGFP–protamine-1 and mRFP-HILS1.
Western blots were conducted using anti-EGFP rat monoclonal antibody. Numbers in the center of the panel indicate molecular mass markers
(kilodaltons).
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tamine antibody could be used for coprecipitation experi-
ments. The coprecipitation of extracts of HEK 293 cells ex-
pressing both mRFP-HANP1/H1T2 and EGFP-protamine
recombinant proteins indicated that HANP1/H1T2 associates
with protamine either directly or indirectly (Fig. 4D). mRFP-
HANP1/H1T2 did not associate with EGFP-hils1 or histone
H1, and mRFP-hils1 did not associate with EGFP-protamine
as a control (Fig. 4D). Figure 5 also shows that the recombi-
nant EGFP–protamine-1 and mRFP-HANP1/H1T2 proteins
were colocalized in the nuclei of HEK 293 cells and that these
proteins were restricted to subnuclear foci within the nucleus.
These results indicate that HANP1/H1T2 is able to associate
with protamines.

Male Hanp1/H1T2 null mice are infertile. To investigate the
physiological role of HANP1/H1T2, we generated homozygous
Hanp1/H1T2 knockout mice. Homologous recombination was
used to generate embryonic stem cell clones that were het-
erozygous for the Hanp1/H1T2 mutation. To produce chimeric
mice, the transgenic ES cells were injected into blastocysts that
were subsequently implanted into pseudopregnant mice. The
strategies used to produce the Hanp1/H1T2 knockout mice and
the Southern blot analysis of the mutant mice are shown in Fig.
6A and B. Crosses of heterozygous mutant pairs produced the
expected ratio of wild-type, heterozygous, and homozygous
genotype offspring, according to the classical Mendelian inher-
itance pattern. The body weights, growth rates of newborn

FIG. 5. Ectopic coexpression of mRFP-HANP1/H1T2 and EGFP-protamine fusion proteins in transfected cultured cells. HEK-293 cells were
cotransfected with the expression vectors pmRFP-Hanp1/H1T2 and pEGFP-Prm using Lipofectamine Plus reagent. The cells were observed 24 h
after transfection using a Leica inverted fluorescence microscope under normal light (A) and with Leica fluorescein isothiocyanate filter sets for
observation of the expression of mRFP (B) and GFP (C). (D) Merged image of mRFP and GFP fluorescence. Bar � 50 �m.
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pups, and weights of various organs, including the testes and
seminal vesicles of adult Hanp1/H1T2 mutant mice, were not
significantly different from those of wild-type mice. Hanp1/
H1T2 mRNA was not detectable by Northern blot analysis
(Fig. 6C), and the 44-kDa HANP1/H1T2 protein was not de-

tected on Western blots (Fig. 6D) of the testes of homozygous
Hanp1/H1T2 knockout mice. Microscopic examination of the
testes did not show any significant differences among homozy-
gous, heterozygous, and wild-type mice, but only homozygous
Hanp1/H1T2 male mutants were infertile. Matings between
homozygous Hanp1/H1T2 knockout males and wild-type fe-
males did not produce any successful pregnancies during more
than 3 months of continuous cohabitation, even though many
vaginal plugs were observed in the paired wild-type females
(Table 1). The heterozygous male Hanp1/H1T2 mutant mice
and the homozygous females were all fertile and produced as
many progeny per pregnancy as did their wild-type littermates.

Hanp1/H1T2 knockout mice have defects in sperm nuclear
formation. Although similar numbers of sperm were recovered
from the cauda epididymides of homozygous and heterozygous
Hanp1/H1T2 mutant males (Table 2), light microscopy showed
that most of the sperm from homozygous Hanp1/H1T2 mu-
tants had abnormal kinks in the tails and abnormally shaped
heads (Fig. 7a). Electron microscopy demonstrated that the
step 6 spermatids from homozygous Hanp1/H1T2 mutants ex-
hibited nuclear abnormalities (Fig. 7b); the nuclear mem-
branes were undulated, and the nuclei were invaginated. A
clear halo was observed inside the nuclear membrane in ma-
ture spermatids (Fig. 7c) and epididymal sperm (Fig. 7d), ap-
parently attributable to the condensed chromatin leaving an
almost electron-transparent space near the nuclear membrane.
These nuclear abnormalities were observed in cells at a stage
of development in which HANP1/H1T2 expression normally
occurs. Other observed abnormalities included dislocated
necks of epididymal sperm (Fig. 7d); abnormalities in the
heads of mature spermatids and sperm, such as remnants of
the cytoplasm around the nucleus; and deformation and some
vacuolation of the acrosomes (Fig. 7d). These abnormalities
were found in germ cells that had differentiated beyond step 5,
and no morphological abnormalities were found in earlier
steps of spermiogenesis. Taken together, these findings indi-
cate that the absence of HANP1/H1T2 expression leads to
abnormalities in the formation of the spermatid nucleus, which
in turn results in abnormal morphogenesis of other parts of the
sperm, including the formation of kinks in the tails (14). Al-
ternatively, the HANP1/H1T2 protein may directly affect var-
ious aspects of sperm morphogenesis.

Hanp1/H1T2 mutant sperm exhibit abnormal movement. As
the morphological abnormalities described above appeared
likely to cause motility defects in the mutant sperm, we per-
formed computer-assisted sperm analysis to quantify the sperm
motility after 1, 3, and 6 h of incubation in TYH medium (28).
Table 2 shows the percent motility and the curvilinear velocity

FIG. 6. Hanp1/H1T2 gene targeting, identification, and expression
of Hanp1/H1T2 in gene-targeted mice. (A) Schematic representation
of the strategy used for targeting the Hanp1/H1T2 gene. The black box
indicates the intronless Hanp1/H1T2 gene. NcoI indicates the restric-
tion enzyme recognition site. The gene targeting construct contained
the neo gene (NEO in open box) placed between the 3.5-kb 5� and the
4.9-kb 3� homology arms. The thick and thin lines indicate the genomic
and targeting vector DNA, respectively. (B) The targeted allele was
identified by Southern blot analysis of NcoI-digested genomic DNA
using a probe derived from the 5� fragment of the vector. (C) Northern
blot analysis. Transcripts of the Hanp1/H1T2 gene were not detectable
in the testes of homozygous Hanp1/H1T2 knockout mice. The same
filter was then rehybridized with a GAPDH cDNA probe as a control.
(D) Western blot analysis of testicular lysates from adult mice using
anti-HANP1/H1T2 antiserum. The HANP1/H1T2 protein was not de-
tected in the testicular lysate of the homozygous Hanp1/H1T2 knock-
out mouse. WT, wild type.

TABLE 1. Fertility rate of mutant mice

Genotype Male
fertilitya Litter sizeb Female

fertilityc Litter size

�/� 10/10 8.1 10/10 8.4
�/� 10/10 8.6 10/10 9.0
�/� 0/10 0 10/10 8.4

a Number of fertile females per number of vaginal plugs.
b Average number of newborn pups.
c Wild-type males were mated with females of each genotype.

TABLE 2. Motility characteristics and in vitro fertilization of sperm
from Hanp1-deficient mice

Genotype n Sperm no.
(106)a

Motility
(%)b VCL IVF

�/� 3 87 � 7.5 93.0 � 3.5 247.2 � 10.3 98.8 � 16.0
�/� 3 69 � 16.0 23.7 � 17.9* 148.8 � 52.4* 0.0

a Number of sperm recovered from a cauda epididymis
b Motility (%) and curvilinear velocity (VCL) were measured after 1 h of

incubation by computer-assisted sperm analysis. *, Statistically significant differ-
ence (P � 0.01).
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FIG. 7. Morphology of spermatids and sperm from homozygous Hanp1/H1T2 mutant mice. (a) Light micrograph of cauda epididymal sperm.
The mutant sperm have abnormal connections between the head and the neck. Bar � 10 �m. (b) Electron micrograph of a step 6 spermatid. The
nuclear membrane is ruffled (arrow), and invagination of the nucleus is visible (arrowhead). Bar � 0.5 �m. (c) A step 12 spermatid. A pale halo
can be observed under the nuclear membrane (arrows). Bar � 0.5 �m. (d) Sperm in the cauda epididymis. The arrows indicate a clear halo under
the nuclear membrane. The sperm neck appears dislocated from the base of the head (arrowhead). Bar � 0.5 �m.

FIG. 8. Analysis of sperm from Hanp1/H1T2 mutant mice. Sperm from heterozygous (A) and homozygous (B) Hanp1/H1T2 mutant mice were
stained with acridine orange (AO) and observed under UV light after being incubated in a medium containing 0.5 M �-mercaptoethanol. The
nuclei of all sperm from homozygous mutant mice were disrupted by exposure to reducing conditions. Bar � 10 �m. (C) FACS analysis of sperm
stained with propidium iodide (PI). Red and black indicate homozygous and heterozygous Hanp1/H1T2 mutant sperm, respectively. Sperm from
homozygous mice were stained more strongly and less homogeneously with PI than were control sperm.
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observed after 1 h of incubation. The sperm from homozygous
Hanp1/H1T2 null mutant mice exhibited decreases in the ratio
of motile sperm, the measurable velocities (including average
path velocity, straight line velocity, and curvilinear velocity),
and the amplitude of the lateral head displacement after 1 to
6 h of incubation compared with sperm from normal mice
(data not shown). These observations indicated that the ob-
served morphological abnormalities of the sperm from Hanp1/
H1T2 knockout mice may impair sperm movements and that
the viability and maturation of the sperm are otherwise normal
in these animals. The mutant sperm were insufficiently motile
to fertilize eggs by in vitro fertilization (Table 2), although they
could successfully bind to the zona pellucida in vitro. In con-
trast, Hanp1/H1T2 mutant sperm could support fertilization
and embryo development after ICSI. Sperm derived from two
heterozygous and two homozygous Hanp1/H1T2 mutant mice
were injected into 92 and 106 eggs, respectively, from which 21
(27%) and 23 (28%) pups were born, respectively.

DNA is loosely packaged in Hanp1/H1T2 null sperm. During
normal chromatin remodeling in sperm, histones are replaced
by protamines. Protamines form disulfide bond bridges, con-
tributing to the chromatin in sperm nuclei being more densely
packed than the chromatin in somatic cells. To examine the
integrity of chromatin packaging in the homozygous Hanp1/
H1T2 mutant sperm, the reducing agent �-mercaptoethanol
was added to sperm suspended in TYH medium. Although
both wild-type and heterozygous Hanp1/H1T2 mutant sperm
tolerated the resulting reducing conditions without changes in
nuclear morphology, all of the nuclei of the homozygous mu-
tant sperm lost integrity (Fig. 8A and B). The chromatin pack-
aging in the mutant sperm was also examined by staining the
nuclear DNA with the intercalating dye propidium iodide and
analyzing the cells by FACS (33). A substantial number of the
sperm from homozygous Hanp1/H1T2 mutants exhibited
stronger staining and yielded a higher fluorescence peak than
did the control sperm (Fig. 8C), indicating that propidium
iodide had greater access to the nuclear DNA in the mutant
sperm than in the wild-type sperm. Together, these observa-
tions suggested that the nuclei of sperm from Hanp1/H1T2

mutant mice are easily disrupted and that the condensation of
the nuclear DNA in Hanp1/H1T2 mutant sperm is incomplete.

Protamine content is decreased in Hanp1/H1T2 null sperm.
Protamines are important molecules in the packaging of
genomic DNA and the formation of the final chromatin pat-
tern in sperm (5). Although normal levels of protamine-1 and
-2 were detected in the testes of homozygous Hanp1/H1T2
mutant mice, the levels detected in epididymal sperm were
lower than those in controls (Fig. 9A). Western blotting with
anti-protamine antibodies confirmed that the levels of both
protamines in homozygous Hanp1/H1T2 mutant sperm were
quantitatively and/or qualitatively reduced (Fig. 9B) compared
with the levels in sperm from wild-type mice. In contrast, there
were no significant differences in the intensity of the protamine
signal between the sperm from heterozygous and homozygous
mice (Fig. 9A and 10). Furthermore, higher magnification im-
ages showed that both protamine-1 and -2 were highly re-
stricted to the cell nuclei of elongated spermatids from het-
erozygous (Fig. 10) and wild-type mice (data not shown). In
contrast, in elongated spermatids from homozygous Hanp1/
H1T2 mutant mice, protamine-1 was unevenly localized to the
nuclei and aggregated around the nuclear region, and prota-
mine-2 was distributed diffusely in the cytoplasm around the
nuclei. Immunohistochemical observation of sperm with anti-
protamine antibodies also showed minimal staining of the ho-
mozygous mutant sperm (Fig. 10B).

These results indicated that HANP1/H1T2 is necessary for
the precise localization of protamines to the nuclei of elon-
gated spermatids and spermatozoa and that the mutation of
Hanp1/H1T2 causes a substantial reduction in the protamine
levels in the sperm or that protamines are not folded in the
sperm nucleus in the same manner as in the wild-type but not
in the testis.

DISCUSSION

Dramatic remodeling of chromatin takes place during mam-
malian spermiogenesis. Nuclear elongation and chromatin
condensation occur concomitantly with modifications in the
basic nuclear proteins associated with DNA. A number of

FIG. 9. Expression of protamine-1 and -2 in testes and sperm of Hanp1/H1T2 mutant mice. Tissue lysates were electrophoresed in an acid-urea
gel, and the proteins were stained with Coomassie brilliant blue (A) or subjected to Western blot analysis using anti-protamine monoclonal
antibodies (B). Similar amounts of both protamine-1 and -2 (PRM1 and PRM2) were expressed in the testes of wild-type mice and of both
homozygous and heterozygous Hanp1/H1T2 mutant mice. In contrast, both protamines were only weakly detected in sperm from homozygous
Hanp1/H1T2 mutant mice (A). The arrows indicate the position of the protamine bands. The bar and arrowhead in panel A indicate the positions
of histones and transition proteins, respectively.
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biochemical events accompany the displacement of histones
and the appearance of a set of basic nuclear proteins such as
tH2A, tH2B, H1t, spermatid-specific H2B (ssH2B), testis-spe-
cific HMG (tsHMG), histone H1-like protein in spermatids 1
(Hils 1), transition proteins (TNPs), and protamines (2, 3, 12,
13, 17, 20, 31). Histone synthesis ceases during spermiogenesis,
and histones are replaced by a set of TNPs, which are subse-
quently replaced by protamines (2, 20). The completed process
results in greater condensation of mitotic chromosomes, pro-
ducing a tightly packaged chromatin structure. Recently, it was
reported that some testicular nuclear proteins, such as prota-
mines in sperm, have probably evolved from a primordial his-
tone H1 (18). The chromatin structure of haploid germ cells
has been complicated by the evolutionary replication of linker
histone H1. Strong expression of linker histone H1 variants is
important for the formation of sperm nuclei (21).

In this study, we identified a novel histone H1-like haploid
germ-cell-specific nuclear protein designated HANP1/H1T2
that has an RS domain. HANP1/H1T2 is specifically expressed
during chromatin remodeling and is mainly localized to the
nucleus during spermiogenesis. Although homology of the
complete amino acid sequence of HANP1/H1T2 with the his-
tone H1 sequences of other organisms is not high (1), the
homology with the globular H1 domain is substantial (35%).
The HANP1/H1T2 protein in the mouse and its human ho-
molog may also be evolutionarily derived from histone H1.

The finding that a portion of the endogenous HANP1/H1T2
in nuclear lysates of testicular germ cells was able to bind to
DNA and that a substantial amount of HANP1/H1T2 was
nonetheless recovered in the flowthrough fraction from DNA-
cellulose columns indicated that HANP1/H1T2 protein, or its
complexes, has two different forms with different DNA-binding
abilities. HANP1/H1T2 protein also has an ATP-binding do-
main (23) and binds to ATP-cellulose columns. It has been
reported that the functions of histones and other nuclear pro-
teins are regulated by ATP and by phosphorylation (4, 8). Our
findings therefore suggest that the DNA-binding ability of
HANP1/H1T2 may be regulated by the binding of ATP to the
ATP-binding domain. We attempted to examine the biochem-
istry of HANP1/H1T2 in more detail by purifying recombinant
HANP1/H1T2 from Escherichia coli transformed with an ex-
pression vector. However, the transformed E. coli cells died
rapidly, although expression of the recombinant protein was
not induced. This observation suggests that a low level of
“leaky” HANP1/H1T2 expression in E. coli was sufficient to
induce cell death.

To investigate the physiological role of HANP1/H1T2 in
chromatin condensation during spermiogenesis, we generated
Hanp1/H1T2 null mutant mice. The homozygous Hanp1/H1T2
knockout mice exhibited aberrant chromatin packaging in the
sperm nucleus and abnormal nuclear formation (14). Recent
studies have suggested that the docking of protamine-1 to the
nuclear envelope is an important intermediate step in spermio-
genesis and have revealed novel roles for SR protein kinases
and p32 (22). The observations that HANP1/H1T2 and prota-
mines are expressed during similar steps of spermatid differ-
entiation and that these proteins can be coimmunoprecipitated
suggest that the recruitment of protamines into chromatin may
be regulated by HANP1/H1T2, which has an RS domain. The
HANP1/H1T2 protein colocalized with protamines in sperma-
tid nuclei and associated with protamines in a direct or indirect
manner, as supported by coimmunoprecipitation experiments
using cotransfected HEK 293 cells in which no other sperma-
tid-specific proteins were present. The observed abnormalities
in the formation of spermatid nuclei in Hanp1/H1T2 knockout
mice indicated that HANP1/H1T2 might also be involved in
chromatin formation during spermiogenesis.

Recent studies have shown that the inactivation of even one
genome copy of either the protamine-1 or -2 gene resulted in
the production of abnormal sperm and caused male infertility
attributable to haploinsufficiency (5). Protamine-2 gene-defi-
cient sperm, produced in chimeric mice resulting from injec-
tion of protamine-2 gene-deficient ES cells into wild-type blas-
tocysts, were unable to induce embryonic development even by
ICSI (6). Thus, the inability of sperm with reduced amounts of
protamine-2 to successfully fertilize eggs or to induce embry-
ogenesis is probably attributable to the loss of proper packag-
ing of chromosomal DNA in the sperm, which, in turn, leaves
the DNA susceptible to both damage and strand repair failure
(6). In contrast, when homozygous Hanp1/H1T2 mutant sperm
were subjected to ICSI in this study, we obtained fairly efficient
fertilization, normal embryogenesis, and healthy pups. Thus, it
appears that the loss of protamines from sperm does not nec-
essarily result in the deterioration of normal functioning of the
sperm nuclei during fertilization, although sufficient protamine
levels are important for proper chromatin and nuclear forma-
tion in spermatozoa. Alternatively, protamines may be impor-
tant in spermiogenesis but not in the formation of the sperm
head, such that a trace of protamine in the Hanp1/H1T2 knock-
out sperm would be sufficient to support fertilization and de-
velopment of embryos by ICSI, even though the packaging of
the chromatin in the sperm was abnormal.

TNP1 and TNP2 are found in rodent spermatids, are be-

FIG. 10. Immunostaining of protamine-1 and -2 in the testes of heterozygous and homozygous Hanp1/H1T2 mutant mice. PRM1 and PRM2
indicate immunofluorescent staining using anti-protamine-1 and -2 monoclonal antibodies, respectively. (A) Sections of testes. PI indicates nuclei
stained with propidium iodide. The fluorescence signals of the secondary fluorescein isothiocyanate (FITC)-labeled anti-mouse antibody indicate
that the localization of protamine-1 or -2 was limited to haploid spermatids during the later stages of differentiation (elongated spermatids). The
area indicated by the white boxes was enlarged and merged. The signals of both protamine-1 and -2 were distributed in the nuclei of the control
heterozygous mutant, whereas no nuclear-specific staining was observed in the homozygous Hanp1/H1T2 mutant mice. The staining patterns of
protamine-1 and -2 differed in the mutants (white arrows); the former appeared as dot-like aggregates in and around the nuclei, and the latter
appeared as a diffuse staining in the cytoplasm around the nuclei. Bar � 50 �m. (B) Positively stained signals of both protamines were barely
detectable in hanp1 homozygous mutant sperm. Bar � 10 �m.
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lieved to be the predominant transition proteins for chromatin
remodeling in mammalian spermiogenesis, and are thought to
be involved in histone displacement and chromatin condensa-
tion. Male mice with null mutations in either TNP1 or TNP2
were fertile, although their fertility was reported to be reduced
(32, 33). However, mice in which both TNP genes were dis-
rupted were completely sterile (34). The sperm produced by
mice lacking both TNP1 and TNP2 contained immature pro-
tamines in the nuclei; the nuclei remained immature, the chro-
matin was incompletely packed by protamines, and the sperm
nuclei were rapidly disrupted by exposure to reducing condi-
tions (34). Although the double-mutant nuclei could success-
fully support embryogenesis after ooplasmic round spermatid-
nuclear injection, no pups were produced by ICSI (34). This
differs from our ICSI results using sperm from homozygous
Hanp1/H1T2 knockout mice. Together, these results indicate
that the nuclei of sperm from mice with both TNPs disrupted
are more unstable than those of sperm from homozygous
Hanp1/H1T2 knockout mice. The abnormal distribution of
protamine-1 and -2 in some elongated spermatids in the testes
of homozygous Hanp1/H1T2 knockout mice suggests that
HANP1/H1T2 is involved in chromatin remodeling, together
with TNPs. Thus, to further the understanding of the role of
HANP1/H1T2 in chromatin remodeling, it will be necessary to
investigate the associations between HANP1/H1T2 and other
nuclear proteins, as well as those between TNPs and prota-
mines.

Our results indicate that HANP1/H1T2 is a novel protein
essential for the packaging of protamine and DNA into chro-
matin in sperm and for the formation of the compact sperm
nucleus that is required for natural fertilization. However,
these conditions are not necessarily prerequisites for the pro-
duction of healthy pups if the initial process of fertilization is
bypassed by assisted microfertilization. We suggest that muta-
tions or disruptions of the Hanp1/H1T2 gene may underlie
some cases of human infertility. In addition, future research on
the biochemical characteristics of HANP1/H1T2 may contrib-
ute to an understanding of the formation of the nucleus during
spermiogenesis.
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