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H1 histones bind to linker DNA and nucleosome core particles and facilitate the folding of chromatin into
a more compact structure. Mammals contain seven nonallelic subtypes of H1, including testis-specific subtype
H1t, which varies considerably in primary sequence from the other H1 subtypes. H1t is found only in pachytene
spermatocytes and early, haploid spermatids, constituting as much as 55% of the linker histone associated with
chromatin in these cell types. To investigate the role of H1t in spermatogenesis, we disrupted the H1t gene by
homologous recombination in mouse embryonic stem cells. Mice homozygous for the mutation and completely
lacking H1t protein in their germ cells were fertile and showed no detectable defect in spermatogenesis.
Chromatin from H1t-deficient germ cells had a normal ratio of H1 to nucleosomes, indicating that other H1
subtypes are deposited in chromatin in place of H1t and presumably compensate for most or all H1t functions.
The results indicate that despite the unique primary structure and regulated synthesis of H1t, it is not essential
for proper development of mature, functional sperm.

The histones are a family of basic proteins that are involved
in organizing the DNA in the nuclei of eukaryotic cells into a
compact structure called chromatin. There are five major
classes of histones, the core histones H2A, H2B, H3, and H4
and the linker histone H1. Two molecules of each of the core
histones constitute the protein octamer of the nucleosome core
particle. H1 histones bind to DNA in the nucleosome core
particle and to the linker DNA between nucleosomes. These
interactions are thought to facilitate the folding of nucleo-
somes into the 30-nm chromatin fiber and higher-order chro-
matin structures (39, 42). Interactions between histones and
DNA would be expected to modulate gene activity, and recent
evidence clearly shows that both the core histones and H1 can
have a profound effect on transcription (reviewed in references
18, 43, and 44).

Among the five classes of histones, the H1 histones exhibit
the most diversity. For mice seven H1 subtypes have been
described (24, 25), including the “somatic” subtypes Hla
through Hle, the replacement subtype H1°, and the testis-
specific linker histone H1t. These seven H1 subtypes are also
present in humans, and the genomic organization of the genes
encoding the H1 subtypes in humans appears to be very similar
to that in mice (12, 40).

Within the H1 family of proteins, the testis-specific H1t
subtype is unique in that it is the only member exhibiting a
truly tissue-specific pattern of expression. Although the other
six H1 subtypes display distinct patterns of expression during
differentiation and development, they are all expressed in nu-
merous tissues (24-26). On the other hand, the H1t gene is
transcribed exclusively in mid- and late-pachytene spermato-
cytes (10, 13, 16), and H1t protein is found only in pachytene
spermatocytes and early, haploid spermatids (11, 17, 29), in
which it constitutes up to 55% of the total H1 linker histone in
chromatin (29). Moreover, although H1t protein has the tri-
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partite domain organization typical of metazoan linker his-
tones, its primary sequence is highly divergent from that of the
other mammalian H1s (7, 10). It has been reported that in vitro
H1t binds less tightly than somatic H1 variants to H1-depleted
oligonucleosomes, rendering them more sensitive to nucleases
(8). It is possible that this property serves to maintain meiotic
chromatin in a relatively decondensed state, facilitating mei-
otic events such as recombination and/or the chromosomal
protein transitions that occur during spermatogenesis.

To investigate the role of H1t in mammalian spermatogen-
esis, we generated a null mutation in the H1t gene by homol-
ogous recombination in mouse embryonic stem (ES) cells and
then produced mice that transmitted the mutated allele. Sur-
prisingly, mice homozygous for the null mutation were fertile
and exhibited no detectable defect in spermatogenesis. The
results indicate that H1t is dispensable for normal spermato-
genesis. Analysis of chromatin from Hlt-deficient germ cells
showed that other H1 subtypes are deposited in chromatin in
place of H1t and very likely are able to compensate for the lost
functions of HIt.

MATERIALS AND METHODS

Disruption of the H1t gene in ES cells and generation of chimeric mice. Clone
WW6 ES cells (21) derived from 129J/Sv mice were cultured according to
published procedures (32) except that the medium was supplemented with 1,000
U of leukemia inhibitory factor (GIBCO-BRL) per ml. Twenty-five to 50 ug of
Notl-linearized targeting vector was transfected into 2 X 107 to 4 X 107 ES cells
by electroporation in phosphate-buffered saline at 400 V and 250 pF using a
Bio-Rad Gene Pulser. After incubation at 4°C for 10 min, the cells were distrib-
uted to 10 10-cm tissue culture dishes containing G418-resistant mouse embryo
fibroblasts inactivated with 4,000 rads of gamma irradiation. The transfected ES
cells were cultured at 37°C in a 5% CO, humidified incubator. After 24 h, 200 pg
of active G418 (Geneticin; GIBCO-BRL) per ml was added, and after 48 h, 2 pM
ganciclovir (Syntex) was added. The medium was changed with fresh medium
containing G418 and ganciclovir every 1 or 2 days. Surviving ES cell clones were
picked after 9 to 10 days, transferred to duplicate 48-well plates, and grown in the
presence of G418 for 3 days, with a medium change every day. One of the two
plates of clones was frozen and the other was used for preparing DNA as
described previously (23). Five ES clones containing a modified H1t allele were
identified among 200 doubly resistant clones (i.e., resistant to both G418 and
ganciclovir) analyzed by Southern blot hybridization. Four clones (T3-1, T3-12,
T4-21, and T4-24) were injected into C57BL/6 recipient blastocysts, and the
blastocysts were transferred to CD-1 pseudopregnant females to generate chi-
meric mice as described previously (32). Mouse taill DNA was prepared as
described previously (20).
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Histological analysis of mouse testes. Mice were sacrificed by cervical dislo-
cation and then perfused with phosphate-buffered saline followed by neutral
buffered 10% formalin. The testes were fixed in fresh neutral buffered 10%
formalin and embedded in paraffin wax. Tissue sections (5 wm) were stained with
hematoxylin and eosin and examined by light microscopy. For electron micro-
scopic analysis the testes were prefixed with 4% glutaraldehyde and postfixed
with 1% osmium tetroxide (OsO,). The specimens were stained with uranyl
nitrate and lead acetate and examined by electron microscopy.

Epididymal sperm numbers. Epididymides were removed from 12- to 14-
week-old males under sterile conditions and placed in a dish containing 5 ml of
Dulbecco modified Eagle medium (DMEM) with 10% fetal calf serum. Sperm
were allowed to disperse into the medium for 1 h at 32°C. Sperm mobility and
swimming activity were examined by phase-contrast microscopy. Sperm numbers
were determined by counting with a hemocytometer.

Preparation and analysis of histones. Mice were sacrificed by cervical dislo-
cation, and the testes were excised and immediately rinsed with DMEM. Sem-
iniferous epithelial cells were prepared as originally described by Romrell et al.
(33) and later modified by Bellve et al. (2, 3). The contents of the excised testes
were squeezed gently through a small incision in the tunica albuginea. The
decapsulated testes were incubated in 15 ml of DMEM containing 0.5 mg of
collagenase per ml for 15 min at 33°C in 5% CO, in air in a shaking water bath
operated at 120 cycles/min. The dispersed seminiferous tubules were isolated
after being allowed to sediment in DMEM for 2 to 3 min. The supernatant was
decanted and the seminiferous tubules were incubated as described above in 15
ml of DMEM containing 0.5 mg of trypsin per ml and 20 pg of DNase per ml for
10 min. Cell aggregates that remained after trypsin dissociation were sheared
gently by repeated pipetting up to 30 times with a Pasteur pipette. After addi-
tional shaking for 5 min, 1 ml of serum was added to block trypsin activity, and
the cell aggregates were dispersed by pipetting 30 times. The dispersed seminif-
erous cells were washed twice by centrifugation at 200 X g for 5 min and
resuspended in DMEM containing 1 pg of DNase per ml and 0.5% (wt/vol)
bovine serum albumin. The final cell pellet was suspended in 10 ml of DMEM
containing 0.5% bovine serum albumin and filtered through a Nitex filter cloth
(80 mesh), and the cell concentration was adjusted to 107/ml.

Chromatin was prepared from nuclei of isolated germ cells. The cells were
placed in sucrose buffer comprised of 0.3 M sucrose, 15 mM NaCl, 10 mM
HEPES (pH 7.9), 2 mM EDTA, and 0.5 mM phenylmethylsulfonyl fluoride. The
cells were homogenized by 10 strokes of a Teflon-glass dounce homogenizer (B
pestle) at 4°C. The homogenate was filtered through Nitex filter cloth (80 mesh)
and centrifuged at 1,250 X g for 10 min. The nuclear pellet was resuspended in
2 ml of sucrose buffer containing 0.5% Nonidet P-40 to lyse contaminating
erythrocytes and the mixture was centrifuged as described above. The pellet was
resuspended in 2 ml of high-salt buffer containing 0.35 M KCl, 10 mM Tris-HCl
(pH 7.2), 5 mM MgCl,, and 0.5 mM phenylmethylsulfonyl fluoride, and the
released chromatin was sedimented in a bench top microcentrifuge. The chro-
matin was resuspended in 1 ml of 0.2 N sulfuric acid. The sample was homog-
enized by using a microcentrifuge tube pestle, incubated on ice overnight, and
centrifuged for 30 min at 12,000 rpm in a benchtop microcentrifuge. The pellet
was reextracted with acid and centrifuged. The two supernatants were pooled.
Histone proteins were precipitated by the addition of 3 volumes of 100% ethanol,
centrifuged, and dried under vacuum.

High-performance liquid chromatography (HPLC) analysis was carried out on
50 to 200 p.g of histone protein extract dissolved in 1 ml of water containing 0.1%
trifluoroacetic acid. The protein mixtures were fractionated on a 0.46- by 25-cm,
Vydac 300-A, 5-mm C,g reverse-phase column as described previously (4, 35,
41), using a Hewlett-Packard 1090 HPLC system. Proteins were eluted with a
linear gradient of increasing concentrations of acetonitrile: 0 to 5% for 1 min, 5
to 25% for 10 min, 25 to 30% for 15 min, 30 to 35% for 20 min, 35 to 40% for
20 min, 40 to 43% for 10 min, 43 to 55% for 50 min, 55 to 90% for 5 min, and
90 to 100% for 20 min. The effluent was monitored at 214 nm, and peak areas
were determined with a Hewlett-Packard peak integrator program. The percent-
age of each H1 subtype in the samples was calculated by measuring the ratio of
each peak area to the total area of all H1 peaks after normalizing for differences
in the number of amino acids in the individual H1 species. The ratio of total H1
to nucleosomes was calculated by dividing the total area of all H1 peaks by
one-half the area of the H2b peaks after normalizing for differences in the
number of amino acids in H2B and an average-sized H1 molecule.

RESULTS

Generation of ES cells with a disrupted HI1t gene. The
mouse H1t gene encodes a protein of 207 amino acids. It does
not contain introns (10). HIt genomic clones were isolated
from a mouse strain 129J/Sv genomic library. To generate an
Hlt-targeting vector (Fig. 1A), a 3.4-kb Hincll fragment, the 3’
end of which lies 285 bp upstream of the H1t start codon, was
inserted into the EcoRI site of the pPNT vector (37). pPNT
contains a PGK-Neo cassette that allows positive selection for
transfectants with G418 and a PGK-TK cassette that allows
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FIG. 1. Targeted disruption of the H1t gene in mouse ES cells and mice. (A)
Homologous recombination strategy in ES cells. The H1t targeting vector (top)
was constructed by inserting a 3.4-kb HinclI fragment lying 285 bp upstream of
the HIt start codon into the pPNT vector (37) and then inserting a 4.5-kb
blunt-ended Sall/EcoRI fragment beginning 110 bp downstream of the stop
codon. A homologous recombination event (X’s) between the targeting vector
and the endogenous H1t locus results in production of a modified H1t locus in
which a 1.0-kb fragment, including the entire H1t coding sequence along with 285
bp of 5’ noncoding sequence and 110 bp of 3’ noncoding sequence, is removed.
A 1.1-kb HinclI fragment (5’ probe) lying outside of the targeting construct was
used as a probe for Southern blotting analysis of DNA from ES cells and mice.
(B) Identification of ES cell clones containing the modified H1t allele. ES cell
DNA (10 pg) was digested with BamHI and blot hybridized with the 5" probe
shown in panel A. The expected positions of the hybridizing fragments from the
unmodified (wild-type [WT]) and modified H1t loci and their respective sizes are
indicated. The common 5.9-kb hybridizing band (globin transgene locus) is due
to hybridization between contaminating plasmid sequences in the 5’ probe and
multiple copies of a globin transgene present in the parental WW6 ES cells (21).
(C) Genotype analysis of offspring from parents heterozygous for the modified
Hi1t allele. Ten micrograms of tail DNA from offspring was digested with BamHI
and blot hybridized with the 5’ probe shown in panel A. Other details are as
described for panel B. The deduced genotype of each mouse is indicated above
each lane.
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enrichment of transfectants which have undergone homolo-
gous recombination and have lost the PGK-TK cassette by
selection with ganciclovir (5). Next, a 4.5-kb Sall/EcoRI frag-
ment beginning 110 bp downstream of the H1t stop codon was
subcloned into the vector. Homologous recombination be-
tween the targeting vector and the endogenous H1t locus re-
sults in the generation of a modified H1t allele in which the
entire H1t coding region together with 285 bp of upstream
sequence and 110 bp of downstream sequence is replaced by
the PGK-Neo cassette (Fig. 1A). The targeting vector was
linearized by NotI digestion and electroporated into WW6 ES
cells (21), and cells resistant to G418 and ganciclovir were
selected. The double selection resulted in a 3.6-fold enrich-
ment of G418-resistant colonies. DNA from 200 doubly resis-
tant clones was pooled (two clones per pool), digested with
BamH]I, and analyzed by Southern blot hybridization with a 5’
probe lying outside of the targeting construct (Fig. 1A). Five
pools gave a 4.8-kb BamHI hybridizing fragment expected
from the modified allele (Fig. 1A), and on further analysis only
one member of each pool showed the 4.8-kb BamHI fragment
(Fig. 1B).

Generation of H1t null mice. Two ES cell clones (T3-12 and
T4-24) containing the modified Hlt allele were injected into
C57BL/6 blastocysts to generate chimeric mice. Both cell lines
gave rise to chimeras ranging in chimerism from 40 to 99% as
judged by coat color. Male chimeras from both ES cell lines
produced agouti progeny, indicating that both lines could con-
tribute to the germ line. Of 31 agouti offspring analyzed by
Southern blot hybridization, 15 were heterozygous for the
modified H1t alleles, whereas 16 had only wild-type H1t al-
leles. Mice heterozygous for the modified H1t allele were in-
terbred, and tail DNA from the progeny was analyzed by
Southern blot hybridization. Examples of hybridization to
DNA from F, progeny are shown in Fig. 1C. Of 118 F2 animals
examined in this way, 27 (23%) carried only wild-type alleles,
54 (46%) had one copy of the modified allele, and 37 (31%)
had two copies of the modified allele. The ratio of the three
classes of mice is consistent with Mendelian transmission of
the two alleles. H1t homozygous mice were normal in weight
and size and they were indistinguishable from heterozygous
and wild-type littermates. These results indicate that the pres-
ence of the modified H1t allele does not impair normal devel-
opment.

Since the modified H1t allele has a deletion of the entire H1t
coding region, it is expected that H1t™/~ mice would be com-
pletely lacking in H1t protein. To confirm that homozygous
mutant animals do not produce HIt protein, total histone
extracts of germ cell chromatin were analyzed by reverse-phase
HPLC. Previous work (4, 27, 28, 35, 41) showed that this
method resolves the five somatic H1 histones and H1°. The
HPLC chromatogram of germ cell histones from wild-type
animals contains a peak eluting at approximately 62 min (Fig.
2A) which is absent from histone extracts from other tissues
(41). We isolated this peak from the HPLC chromatogram and
showed that it migrated in sodium dodecyl sulfate-containing
and acid-urea-polyacrylamide gels like the testis-specific H1
histone described previously (34) (data not shown). This peak
is also absent in the chromatogram of germ cell histone ex-
tracts from H1t™/~ animals (Fig. 2B). To prove that this peak
was H1t, we collected the material eluting in this position and
subjected it to time-of-flight mass spectrometry. The mass
spectrograph showed a single component with a molecular
mass of 21,610 Da (data not shown), consistent with the mo-
lecular mass of 21,626 Da for the H1t protein predicted from
the HIt gene sequence. Since this peak is missing from the
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chromatogram of germ cells extracts from H1t™/~ mice, we
conclude that the modified H1t allele is indeed a null mutation.

Characterization of H1t-deficient mice. H1t is synthesized in
mid- and late-pachytene spermatocytes, and H1t protein is
detectable only in these cells and early haploid spermatids. To
determine whether H1t is required for male fertility, H1t™/~
males were bred with both wild-type and H1t™/~ females.
Litter sizes from these matings were indistinguishable from
those of wild-type matings, and the progeny all appeared nor-
mal. However, mice can be fertile with less than 10% the
normal number of mature sperm (6). Therefore, it was impor-
tant to determine the number of mature sperm in H1t™/~ mice
and to examine the testes for any abnormalities. Testis weights
were determined for 3-month-old wild-type, heterozygous, and
homozygous mutant littermates. No significant differences
were detected among the three classes of mice (Table 1). The
testis weights of F; H1t null mutant mice generated from H1t
homozygous mutant mouse matings also did not show any
statistically significant difference from those of normal mice
(Table 1). To determine whether the number of mature sperm
produced by H1t mutant mice was similar to that of normal
mice, the sperm were isolated from the cauda epididymis and
counted in a hemocytometer. No significant differences in
sperm number were detected among the three classes of F,
animals and homozygous F; mutant mice (Table 1). Further-
more, no significant differences were found among these mice
in the motility of their sperm as determined by phase-contrast
microscopy. Examination of hematoxylin-eosin-stained paraf-
fin-embedded sections of testes from 3-month-old wild-type
and H1t™/~ mice did not reveal any abnormal histological
features in the mutant mice (data not shown). Like normal
testes, the testes of HIt™/~ mice contained closely packed
seminiferous tubules and limited interstitial space. Moreover,
the diameter of the seminiferous tubules, the thickness of the
seminiferous epithelium, and the size of the lumen appeared
normal in H1t™/~ mice. The seminiferous epithelium of
H1t ™/~ testes contained, in addition to Sertoli cells and sper-
matogonia, multiple layers of spermatocytes, including pach-
ytene spermatocytes, round spermatids, and condensed sper-
matids; the lumen contained mature sperm. Therefore, no
abnormalities in the process of spermatogenesis could be de-
tected in the testes of H1t™/~ mice by these light microscopic
examinations.

During mammalian spermiogenesis, the linker and core his-
tones are replaced by transition proteins. This change is cor-
related with the appearance of specific morphological features
in the spermatid nuclei, including the development of smooth,
condensed chromatin fibers (31). To further investigate possi-
ble effects of loss of H1t on the process of spermatogenesis, the
testes from wild-type and H1t homozygous mutant littermates
were examined by electron microscopy. The results from the
ultrastructural examination supported the conclusions based
on light microscopic studies indicating development of normal
sperm in H1t homozygous mutant mice (data not shown). The
major characteristic features of pachytene spermatocytes, in-
cluding patchy condensed chromatin, short profiles of synap-
tonemal complexes, mitochondria with dilated intracrista ves-
icles, and extensive endoplasmic reticulum, were found in
testes of H1t™/~ mice. Major typical features of round sper-
matids, including well-developed acrosomal caps, scattered
profiles of endoplasmic reticulum, and peripherally located,
condensed mitochondria, were found in mutant testes. Elec-
tron-dense, fully condensed chromatin was also seen in sper-
matozoa of the mutants. Thus, all of the major morphological
transitions that occur in the nuclei of developing male germ
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FIG. 2. Reverse-phase HPLC analysis of histones from wild-type and homozygous H1t mutant mice. Approximately 200 g of total histone extract of chromatin
from purified germ cells of a 3-month-old wild-type mouse (A) and a homozygous H1t mutant littermate (B) were fractionated by reverse-phase HPLC as described
in Materials and Methods. The identity of the histone subtype(s) in each peak is indicated (see text and reference 41).

cells during the period when H1t accumulates and then is
replaced by transition proteins appear to occur in H1t ™/~ mice.

Compensation for loss of H1t by other H1 subtypes. The
absence of any detectable abnormality in spermatogenesis in
H1t™’~ mice suggests that other H1 subtypes may compensate
for the absence of H1t. To investigate this possibility, we com-
pared the H1 subtype composition and the stoichiometry of

linker histones and nucleosomes in germ cell chromatin of
H1t™/~ mice and wild-type littermates. Since H1t constitutes
nearly 30% of the H1 histone in germ cell chromatin (34)
(Table 2), any change in either of these parameters should be
readily detectable in samples from H1t-deficient testes.

Total chromatin-associated histones were extracted from
germ cell chromatin with sulfuric acid and fractionated by

TABLE 1. Sperm number and testis weights of wild-type and H1t mutant mice®

Generation and genotype F, +/+

F, +/— F, —/— F; —/—
Testis wt (mg) 80 =95 91.2 + 11.0 845+ 13.6 109 + 10.8
Sperm no. (107) 2.84 + 1.52 3.0+ 175 251 + 0.46 3.14 + 0.6

“ Values are means * standard deviations of individual determinations made for four F, +/+, six F, +/—, six F, —/—, and four F; —/— 3-month-old mice. F, are

progeny of F, parents heterozygous for the modified H1t allele. F; are progeny of F, parents homozygous for the modified H1t allele. Sperm numbers are the numbers
of sperm obtained from two epididymides.
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TABLE 2. H1 subtype composition of testis chromatin from wild-type and H1t™'~ mice“

% of indicated subtype

Genotype

Total H1l/nucleosome

HI1° Hib Hla Hld + Hle Hic Hit ratio?
Total H1?
+/+ 1.4 +0.7 1.2*+07 38.6 =24 108 £ 1.1 20.1 = 1.6 277 *x23 0.67 = 0.08
—/— 22+03 04 +0.1 51.2+4.2 14.0 £ 2.2 31.8+29 0 0.68 = 0.08
Hla-Hle, H1°
+/+ 2.0=x0.9 1509 53421 150 1.8 282 *+13
—/= 22+03 04 +0.1 51.2+4.2 14.0 £ 2.2 31.8+29

“ Data were from HPLC analyses like that in Fig. 2. Values are means * standard deviations of individual determinations made for three 3-month-old littermates

of each of the indicated genotypes.

’ Determined by the ratio of the 4,,, of the indicated H1 peak to the total A,,, of all H1 peaks. The percentages were adjusted to account for the differences in

the number of peptide bonds in each H1 subtype.

¢ Determined by the ratio of the 4,4 of the indicated H1 peak to the total 4,,4 of the Hla to Hle and H1° peaks.
4 Determined by the ratio of the total A,, of all H1 peaks to half of the total A,,, of the H2b peaks. The A,,, values of the H1 and H2b peaks were adjusted to
account for the differences in the number of peptide bonds in each H1 subtype and H2b.

reverse-phase HPLC (Fig. 2). This method resolves the H1
histones in germ cell chromatin into six peaks; H1d and Hle
migrate as a single peak and therefore their amounts cannot be
estimated separately unless the peak containing them is col-
lected and subjected to mass spectrometry (41). The method
also separates the H1 histones from the nucleosomal core
histones, allowing an estimate of the linker histone-to-nucleo-
some ratio by measuring the total amount of all of the H1
subtypes relative to a nucleosomal histone, such as H2B.

Quantitative measurements from analyses like that shown in
Fig. 2, carried out on the germ cell chromatin from three
H1t™’~ mice and three wild-type littermates, showed that the
H1/nucleosome ratio in chromatin from both types of animals
is the same (Table 2). The observed values (0.67 to 0.68) were
close to that in liver chromatin (0.71) obtained by the same
method (35), which in turn is in good agreement with previous
measurements on liver chromatin obtained by other methods
(1). These results indicate that other H1 subtypes can compen-
sate for the deficiency of H1t in homozygous mutant animals to
maintain the stoichiometry between H1 linker histones and
nucleosomes in germ cell chromatin.

To determine whether specific H1 subtypes selectively com-
pensate for the loss of H1t, the relative amounts of each H1
subtype were calculated from the above-mentioned analyses.
The results showed that each H1 subtype increased propor-
tionally to compensate for the loss of H1t (Table 2). This is
most easily seen by calculating the amount of each H1 subtype
as a percentage of all H1s other than H1t (percent Hla to Hle
and H1° in Table 2). This type of analysis shows that the
relative proportion of each H1 subtype among the non-H1t
subtypes is the same in Hlt-deficient and wild-type animals.
Thus, each H1 subtype contributes proportionally, according
to its representation in germ cells, to maintain a constant
H1-to-nucleosome stoichiometry in the absence of H1t.

DISCUSSION

The present work was undertaken to investigate the role of
the testis-specific linker histone H1t in mammalian spermato-
genesis. We generated a null mutation in the H1t gene by using
homologous recombination to remove the entire H1t coding
region and portions of the upstream and downstream DNA
sequence in one copy of the gene in mouse ES cells. The
modified ES cells were then used to produce mice that trans-
mitted the mutant allele. Mice homozygous for the mutation
were completely lacking H1t protein in germ cell chromatin.
Nevertheless, these mice did not exhibit any detectable abnor-

mality in spermatogenesis. Homozygous mutant males were
fertile and had normal testis weights, numbers of mature
sperm, sperm motility, and testis histology. Moreover, their
pachytene spermatocytes and round spermatids, stages in
which H1t is very abundant, were found to have normal ultra-
structural features when examined by electron microscopy. By
all these criteria the process of spermatogenesis does not ap-
pear to be affected by the absence of Hlt.

The absence of any detectable abnormality in H1t-deficient
testis is unexpected because both the regulation of H1t gene
expression and the primary sequence of the H1t protein are
different from those of other H1 linker histone subtypes. H1t is
the only H1 subtype which is expressed in a truly tissue-specific
manner. HIt mRNA is transcribed exclusively in mid- and
late-pachytene spermatocytes (10, 13, 16), and H1t protein is
present only in these cells and early, haploid spermatids (11,
17, 29). In contrast, although expression of the six other H1
genes is differentially regulated, they are all expressed in nu-
merous tissues (24-26). Furthermore, whereas expression of
the five somatic H1 genes (Hla to Hle) is generally coordi-
nately regulated with DNA synthesis, transcription of the H1t
gene occurring in meiotic prophase appears to be independent
of DNA replication.

Likewise, the HIt protein is highly divergent in primary
sequence from the other Hls. Although the HI1t histone con-
sists of a three-domain structure like other H1s, the mouse H1t
amino acid sequence shares only 50% identity with its closest
relative among the mouse H1s. Homologs of H1t have been
identified in many mammals (7, 10, 14, 34), and germ cell-
specific linker histones have been described for other phyla as
well (19, 22, 36). Germ cell-specific core histone genes and
proteins have also been described for H2a, H2b, H3 (15, 30,
38). Thus, during evolution mammals and other organisms
have acquired the capacity to express specific nucleosomal and
linker histones in their male germ cells. However, the role of
such testis-specific chromatin components in the processes that
occur during spermatogenesis remains unknown. In mammals,
male germ cell chromatin undergoes two major transitions in
protein composition; during spermiogenesis all of the histones
are replaced by small lysine- and arginine-rich proteins called
transition proteins, which are themselves replaced by the pro-
tamines (31). It may be that the testis-specific histones, includ-
ing H1t, facilitate the first transition. It has also been suggested
that H1t in pachytene spermatocytes may facilitate meiotic
recombination (31). Either of these processes might be ex-
pected to require decondensed chromatin structures, and in-
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deed chromatin reconstituted in vitro with H1t has been re-
ported to have a more open structure than that reconstituted
with other H1 subtypes (8). We have not made direct mea-
surements of the rates of chromosomal protein transitions or
recombination in germ cells of H1t™/~ mice, and therefore it is
still possible that the efficiency of these processes is affected by
the absence of Hlt.

There are now many reports of gene inactivation experi-
ments with mice in which a phenotype is not observed. In some
cases the general function of the protein may not be known,
and it also may be difficult to prove that the gene targeting
resulted in a null mutation. Neither of these uncertainties
applies to this report. In nearly all instances in which a phe-
notype was not observed, it is inferred that another protein
with similar function was able to compensate for the deficiency,
but in most cases this conclusion has been difficult to prove.
However, in the work described here we showed that the stoi-
chiometry of total linker histones to nucleosomes is not re-
duced in H1t™/~ germ cells. This result indicates that the other
H1 subtypes must be deposited in sites in chromatin that are
normally occupied by H1t. Because H1t normally constitutes
nearly 28% of the linker histone in germ cells, an inability of
the other Hls to enter such sites would have been readily
detected as a reduction in the H1/nucleosome ratio. Thus, it is
most likely that other H1 subtypes are able to compensate for
all of the functions of H1t in germ cells, although it remains
possible that they do so with a reduced efficiency.

Earlier gene inactivation studies from our laboratory showed
that the H1° linker histone, another highly divergent H1 sub-
type, is not absolutely required for normal mouse development
(35). H1° accumulates in terminally differentiated cells from
many lineages, at about the time when the cells cease dividing
(9). Here too our analysis of H1°~/~ mice indicated that other
H1 subtypes are able to compensate for the loss of H1° in cells
in which this linker histone is very abundant. Thus, at least
under the conditions in which laboratory mice are maintained,
the functions of the two most highly divergent Hls appear to
be redundant with those of other members of the family. Nev-
ertheless, the mice described in this report should prove to be
especially valuable for future work aimed at studying the in
vivo properties of H1-depleted chromatin. As shown in Table
2, 50% of the H1 in germ cells of H1t™/~ mice is of a single
subtype, Hla. Thus, by combining the H1t null allele with a
similarly inactivated allele of Hla, it will be possible to create
a much larger linker histone deficiency in male germ cells.
Because normal germ cells are not required for normal devel-
opment and survival of the mice, the doubly mutated germ
cells should be useful for studying the general role of H1 linker
histones in development and differentiation in a specific cell

type.
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