
Jmjd1a Demethylase-regulated Histone Modification Is
Essential for cAMP-response Element Modulator-regulated
Gene Expression and Spermatogenesis*

Received for publication, September 21, 2009, and in revised form, November 11, 2009 Published, JBC Papers in Press, November 12, 2009, DOI 10.1074/jbc.M109.066845

Zhaoliang Liu‡§, Suoling Zhou‡, Lan Liao‡, Xian Chen‡§, Marvin Meistrich¶, and Jianming Xu‡§�1

From the ‡Department of Molecular and Cellular Biology, Baylor College of Medicine, the §Institute of Biosciences and Technology,
Texas A&M University Health Science Center, and the ¶Department of Experimental Radiation Oncology, University of Texas M.D.
Anderson Cancer Center, Houston, Texas 77030 and the �Luzhou Medical College, Luzhou, Sichuan 646000, China

Spermatogenesis, a fundamental process in the male repro-
ductive system, requires a series of tightly controlled epigenetic
and genetic events in germ cells ranging from spermatogonia to
spermatozoa. Jmjd1a is a key epigenetic regulator expressed in
the testis. It specifically demethylates mono- and di-methylated
histoneH3 lysine 9 (H3K9me1 andH3K9me2) but not tri-meth-
ylated H3K9 (H3K9me3). In this study, we generated a Jmjd1a
antibody for immunohistochemistry and found Jmjd1a was spe-
cifically produced in pachytene and secondary spermatocytes.
Disruption of the Jmjd1a gene in mice significantly increased
H3K9me1 andH3K9me2 levels in pachytene spermatocytes and
early elongating spermatids without affecting H3K9me3 levels.
Concurrently, the levels of histone acetylationweredecreased in
Jmjd1a knock-out germ cells. This suggests Jmjd1a promotes
transcriptional activation by lowering histone methylation and
increasing histone acetylation. Interestingly, the altered histone
modifications in Jmjd1a-deficient germ cells caused diminished
cAMP-response element modulator (Crem) recruitment to
chromatin and decreased expression of the Crem coactivator
Act and their target genes Tnp1 (transition protein 1), Tnp2,
Prm1 (protamine 1), and Prm2, all of which are essential for
chromatin condensation in spermatids. In agreementwith these
findings, Jmjd1adeficiency caused extensive germcell apoptosis
and blocked spermatid elongation, resulting in severe oligo-
zoospermia, small testes, and infertility in male mice. These
results indicate that the Jmjd1a-controlled epigenetic histone
modifications are crucial for Crem-regulated gene expression
and spermatogenesis.

Male reproductive function of mammals relies on normal
spermatogenesis within the seminiferous epithelium of the tes-
tis (1). During spermatogenesis, the spermatogonia undergo
mitosis and differentiate into spermatocytes. The primary sper-
matocytes process through preleptotene, leptotene, zygotene,
pachytene, and diplotene meiotic steps to generate secondary
spermatocytes. Subsequently, the secondary spermatocytes
enter the spermatid stages and undergo dramatic morphologi-
cal changes, finally differentiating into mature spermatozoa.

During this last phase, acrosomes and tails form, chromatins
condense, and spermatid heads elongate (1). Interestingly, in
cross-sectioned seminiferous tubules, each type of germ cell
appears developmentally synchronized, and a defined grouping
of germ cell types at particular developmental steps is con-
stantly associated. In the mouse seminiferous epithelium, 12
groups of cell associations or “stages” (I–XII) can be steadily
recognized according to the criteria established previously (1).
Many genes critical for spermatogenesis, such as cAMP-re-
sponse element modulator (Crem),2 Tnp1, Tnp2, Prm, and
Prm2, are expressed in a germ cell type-specific manner and/or
seminiferous epithelial stage-specific manner (2, 3).
Spermiogenesis requires extensive chromatin condensation.

Histone displacement, a process in which histones are initially
replaced by Tnp1 and Tnp2 and subsequently by Prm1 and
Prm2, is required for chromatin condensation. Genetic abla-
tion of transition proteins or protamines causes defective sper-
miogenesis (4–7). The transcripts of these genes can be first
detected in step 7 round spermatids in mice, and the transcrip-
tional activation of these genes is mainly regulated by the tran-
scription factor Crem (2, 3). Unlike its close family member
cAMP-response element-binding protein, which is activated by
phosphorylation, the transcriptional activity of Crem is mainly
mediated by a coactivator, the activator of Crem in the testis
(Act) (8). It has been demonstrated that the Crem-regulated
gene expression pathway is essential for normal spermatogen-
esis (3, 9–11).
Although the mechanisms responsible for histone displace-

ment are unclear, histone variants and histone modifications
may play important roles. During spermatogenesis, high levels
of general and testis-specific histone variants are expressed and
associated with DNA. This association alters nucleosome sta-
bility and facilitates histone displacement (12). Accordingly,
knock-out of certain histone variants can arrest spermiogenesis
at elongation steps and reduce male fertility (13–15). Correct
epigenetic modifications of histones may also be important for
regulating gene expression essential for spermatogenesis and
spermatid chromatin condensation. It has been observed that
highly acetylated histone H4 is present only in early elongating
spermatids prior to histone displacement and positively corre-
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lates with histone condensation (16–18). Histone methylation
is also tightly regulated during spermatogenesis, and distinct
patterns of histone methylation have been observed at specific
stages of spermatogenesis (19–21). In agreement with these
observations, histone modification enzymes are robustly and
specifically expressed in male germ cells (18, 20, 22–25).
Although it is unclear how histone modifications are involved
in the regulation of gene expression and histone displacement,
it is conceivable that epigenetic modifications of histones may
alter chromatin architecture and change gene expression pro-
file required for normal spermatogenesis. Indeed, genetic abla-
tion of specific histone modifiers such as Suv39h, G9a, or
Meisetz has been shown to block spermatogenesis at early steps
(19, 23, 26).
Jmjd1a, a histone demethylase, is preferentially expressed in

the testis (27). Jmjd1a specifically demethylates mono- and di-
methyl histone H3 lysine 9 (H3K9me1 and H3K9me2) but not
tri-methyl H3 lysine 9 (H3K9me3) (28). Jmjd1a has been sug-
gested as a coactivator for estrogen and androgen receptors (28,
29) and shown to regulate stem cell self-renewal, myocyte
development, hypoxia-induced stress response, and energy
metabolism (30–36).
In this study,wehave generated a Jmjd1a antibody and exam-

ined Jmjd1a distribution in the testis. We have found that
Jmjd1a is expressed in a germ cell type-specific and develop-
mental step-specific manner. Furthermore, we have generated
Jmjd1a knock-out mice and found that Jmjd1a deficiency
results in severe oligozoospermia and male infertility. In addi-
tion, we also investigated the Jmjd1a-regulated epigenetic and
genetic events essential for spermatogenesis, such as activation
of Crem target genes.

MATERIALS AND METHODS

Construction of the Jmjd1aTargetingVector—GenomicDNA
was purified from the TC-1 mouse embryonic stem (ES) cells
with a 129SvEv/j strain background (37) and used for amplify-
ing the homologous arms of the Jmjd1a targeting vector by
using an LA PCR kit (Takara Bio. Inc.). The 5� arm DNA was
amplified by using primers Jmjd1a-5F (cggttaattaactttcctctt-
taggggcac) and Jmjd1a-5R (aatgcggccgcttgtaaaaccaaccaac).
The 3� arm DNA was amplified by using primers Jmjd1a-3F
(aatctcgagtaccatgcgcgtgagtgataaagctac) and Jmjd1a-3R (aaag-
gatccgcctggtctacagagcacaaactctca). PCR products were sub-
cloned into the pCR2.1-TOPO plasmids using a TOPO TA
cloning kit (Invitrogen) and verified by DNA sequencing. The
5� armDNAwas isolated from the TOPOvector and subcloned
into the PacI and NotI sites of the pFRT-LoxP plasmid (38), so
the integrated 5� arm was upstream of a PGK-neo cassette (Fig.
1A). The 3� armDNAwas transferred from theTOPOvector to
the pFRT-LoxP plasmid by XhoI and BamHI digestions, and
the integrated 3� armwas located between the PGK-neo and the
HSV-tk (thymidine kinase) cassettes (Fig. 1A). The targeting
vector was linearized by PacI digestion.
Electroporation, Southern Blot, and Generation of Jmjd1a

Knock-out Mice—TC-1 ES cells were cultured and electropo-
rated with the targeting vector DNA as described (37). Cells
were cultured in selectionmedium containing 300�g/ml gene-
ticin and 0.2�M 1-(2-deoxy-2-fluoro-�-D-arabinofuranosyl)-5-

iodouracil for 7 days. Surviving clones were isolated and
screened by Southern blot analyses using 5� and 3� probes
located outside the targeting region and a neo probe (Fig. 1A).
DNAsampleswere digestedwithXhoI andEcoRV for Southern
blot (Fig. 1A).
Targeted ES clones were injected into E3.5 blastocysts of

C57BL/6 mice, and the injected blastocysts were transferred
into the uteri of pseudo-pregnant mice. Resulting chimeric
maleswerematedwithC57BL/6 females, and their agouti prog-
enies were genotyped by Southern blot, as described above, and
PCR using primers Jmjd1a-ICF (ATCTGATGCAGCCAAT-
GTCA) and Jmjd1a-ICR (GGCTCCTGGCTTCTCTTTTC)
for detecting the Jmjd1a wild type (WT) allele and primers
KOV1 (gaaagtataggaacttcgtcgacctc) and Jmjd1a33 (ctaagc-
cagggataaggactttca) for detecting the Jmjd1a knock-out
allele (Fig. 1A). Heterozygous (Jmjd1a�/�) mice were used in
further breeding to produce age-matched WT, Jmjd1a�/�,
and homozygous knock-out (Jmjd1a�/�) mice for experi-
ments (Fig. 1C).
Generation of Jmjd1a Antibody—Jmjd1a antibody was gen-

erated in rabbits immunizedwith a recombinant polypeptide of
the mouse Jmjd1a. Briefly, RNA was purified from mouse tes-
tes, and cDNA was made by reverse transcription. The DNA
fragment for residues Asn308–Asn566 of Jmjd1a was amplified
by PCR using primers Jmjd1a-30 (catgcgcatatgactccatctagcaag-
gacccaag) and Jmjd1a-31 (ccatggatccacaggagagtccttctgctggtc).
The amplified DNA was subcloned into the NdeI and BamHI
sites of the pET-16b plasmid (Novagen). BL21-competent bac-
teria were transformed with the plasmids and used to produce
the Jmjd1a polypeptide. The soluble 32-kDa Jmjd1a polypep-
tidewas purified frombacterial lysates prepared from isopropyl
1-thio-�-D-galactopyranoside-induced bacterial culture by
using 1ml of nickel-nitrilotriacetic acid beads as described (39).
The concentration of purified protein was estimated by com-
paring with serial dilutions of bovine serum albumin standards
on an SDS-polyacrylamide gel stained with Coomassie Blue.
The purified protein (1 mg/ml) was used as a Jmjd1a antigen,
and the rabbit immunization was carried out through a service
contract with the Proteintech Group, Inc.
Western Blot—Mouse testes were collected and homoge-

nized in lysis buffer containing 50 mM Tris-HCl (pH 7.4), 0.1%
SDS, 2 �M phenylmethylsulfonyl fluoride, and 10 �g/ml leu-
peptin. Following sonication and centrifugation, protein con-
centrations in the tissue extracts weremeasured by using a Bio-
Rad protein assay kit. Aliquots containing 10�g of total protein
were separated by SDS-PAGE and transferred to nitrocellulose
membranes. Blots were probedwith primary antibodies against
Jmjd1a, H3K9me1 (ab9045, Abcam), H3K9me2 (07-441,
Upstate), H3K9me3 (07-442, Upstate), H3 (ab1791, Abcam),
H3K27me2 (9755, Cell Signaling), acetylated H4K5/8/12/16
(06-866, Upstate), acetylated H3K9/14 (06-599, Upstate),
acetylated H3K9 (39586, Active Motif), acetylated H3K56 (04-
1135, Upstate), Crem (sc-440, Santa Cruz Biotechnology),
Tnp1 (gift from Dr. Stephen Kistler, University of South Caro-
lina), and �-actin (Sigma). Appropriate secondary antibodies
conjugated with horseradish peroxidase and the ECL chemilu-
minescent reagents (Amersham Biosciences) were used to
detect the bound primary antibodies.
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SpermCount—Sperm count was performed as described (40,
41). Briefly, for each adult mouse, one caudal epididymis was
used for histological examination, and the other one was
minced in 1 ml of PBS. Sperms were allowed to disperse into
solution by incubating for 5 min. A small volume of solution
containing the sperm was transferred into a hemocytometer
and allowed to settle for 15 min prior to counting. The average
number of sperm per epididymis was calculated from three
mice for each genotype group.
Measurement of Testosterone—Blood samples were collected

from 10-week-oldmaleWT and Jmjd1a�/�mice by periorbital
puncture. Serum samples were prepared as described (42). The
testosterone in the testis was extracted as described (42).
Briefly, one testis from each mouse was homogenized in 250 �l
of PBS at room temperature. Homogenates were first extracted
with 5 ml of diethyl ether and then extracted with 3 ml of
diethyl ether again. The combined diethyl ether extracts
were evaporated at room temperature in a fume hood and
then resuspended in 1 ml of PBS. The concentrations of tes-
tosterone in the serum samples and the testis extracts were
measured by using an ELISA kit (DSL-10-4000, Diagnostic
Systems Laboratories).
Histological Examination—Testes were fixed in modified

Davidson’s fluid overnight at 4 °C (43). Fixed tissues were
washed in PBS, dehydrated in ethanol, incubated in xylene, and
then embedded in paraffin. Tissue sections were cut to a thick-
ness of 5 �m and stained with hematoxylin and eosin or with a
periodic acid-Schiff and hematoxylin kit (395B, Sigma). The
specific steps of the germ cell development and differentiation
during spermatogenesis and the stages of seminiferous epithe-
liumwere determined according to the well established criteria
described previously (1). For preparation of semi-thin sections,
testes were perfused with 2.5% glutaraldehyde and 2.0% form-
aldehyde and fixed at 4 °C overnight. The fixed samples were
dehydrated and embedded in Spurr’s low viscosity resin (EMS,
Hatfield, PA). Semi-thin sections 1 �m in thickness were pre-
pared by using an RMCMT6000-XL ultramicrotome and were
stained with toluidine blue for microscopy.
Immunohistochemistry (IHC)—Deparaffinized and hydrated

tissue sections were incubated in a 10 �M sodium citrate buffer
at 95 °C for 10 min for retrieving antigens and then treated in
methanol containing 3% H2O2 for quenching endogenous per-
oxidase.After incubating in PBS containing 10%goat serum, 1%
bovine serum albumin, and 0.1% Triton X-100, tissue sections
were incubated at 4 °C overnight with a primary antibody
against Jmjd1a, H3K9me1, H3K9me2, or H3K9me3. Subse-
quently, the washed sections were incubated with a biotin-con-
jugated secondary antibody and the avidin-conjugated horse-
radish peroxidase in the Vectastain ABC-AP kit (AK-5200,
Vector Laboratories). The horseradish peroxidase activities
were visualized by using a DAB substrate kit (SK-4100, Vector
Laboratories). The sections were counterstained with hema-
toxylin or periodic acid-Schiff and hematoxylin and sealed in
Permount for microscopy and imaging.
Testicular Chromosome Spread and Immunofluorescence—

Seminiferous tubules were isolated from wild type and knock-
out mice. After incubating in 1% sodium citrate for 30
min, the tubules were fixed in Carnoy’s solution (75% meth-

anol and 25% acetic acid) overnight at 4 °C. The fixed tubules
were then incubated in 60% acetic acid for 2 min. Single cell
suspension was obtained by repeated pipetting. Cell suspen-
sion was then spread on pre-heated slides at 60 °C and dried
(26). Immunofluorescence was done as described above
except that the TSA kit (Invitrogen, T-20911) was used to
amplify Jmjd1a signals. Propidium iodide (1 �g/ml) was used
to stain chromosomes.
Real Time RT-PCR—Total RNAwas purified from the testes

of 10-week-old WT and Jmjd1a�/� mice using TRIzol reagent
(Invitrogen). The real timeRT-PCRwas performedby using the
reverse transcriptase core kit (Eurogentec) and the Universal
Mouse Probe Sets for TaqMan PCR (Roche Applied Science).
The mRNA-specific primer pairs were designed, and the spe-
cific match of universal mouse probe sets was determined by
running the software at Universal Probe Library DesignCenter.
Relative mRNA concentrations were obtained by normalizing
to the endogenous levels of 18 S RNA.
Chromatin Immunoprecipitation (ChIP)—Cells were iso-

lated from the testes of adult WT and Jmjd1a�/� mice as
described (44). Briefly, the tunica albuginea ofmouse testes was
removed. The remaining tissues were digested by 0.5 mg/ml
collagenase in Dulbecco’s modified Eagle’s medium with 0.5%
bovine serum albumin at 32 °C for 15 min, washed in Dulbec-
co’s modified Eagle’s medium, and further digested by 0.5
mg/ml trypsin and 1 �g/ml DNase in Dulbecco’s modified
Eagle’s medium with 0.5% bovine serum albumin. After pipet-
ting 10–12 times andwashingwithDulbecco’smodified Eagle’s
medium, cells were filtered through a 40-micron filter and
diluted to 2 � 106/ml. The cells were fixed with 1% formalde-
hyde for 10 min at room temperature, washed in cold PBS, and
incubated in fixation-stopping solution (100 mM Tris-HCl
(pH 9.4) and 10mM dithiothreitol). ChIP assay was performed
as described previously (45) by using antibodies against
H3K9me1, H3K9me2, H3K9me3, and Crem. 2 � 106 cells
were used for each of H3K9Me1, H3K9Me2, and H3K9Me3
ChIP assays. 2 � 107 cells were used for each Crem ChIP
assay. Eluted DNA samples were processed and subjected to
PCR analyses of the proximal regions of Tnp1 and Odf1 gene
promoters containing functional Crem-binding sites. In
PCR, primers Tnp1-ChIP3F (gtccttttggctggtatgga) and
Tnp1-ChIP3R (cttagccaaagctggtggag) were used to amplify frag-
menta. PrimersTnp1-ChIP2F (aatgaccacggctaaagcac) andTnp1-
ChIP2R (gccgggagtccatgtattta) were for fragment b amplifica-
tion. Primers Odf1-ChIP5F (gggtctcaggggaccataac) and
Odf1-ChIP5R (ctcttctcagaggcctccttt) were for fragment c
amplification.
Apoptosis Analysis—Paraffin sections prepared from the tes-

tes of 10-week-old WT and Jmjd1a�/� mice were subjected to
apoptosis analysis. The analysis was performed by using the
ApopTag peroxidase in situ apoptosis detection kit (Chemi-
con). Digital images were recorded for each section. Two non-
adjacent sections for each mouse and three mice per group
were analyzed. For each section, the number of apoptotic cells
in about 100 cross-sectioned seminiferous tubules was counted
using theUniversity of TexasHealth Science Center, SanAnto-
nio, ImageTool software. The apoptotic cells were divided into
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three groups as follows: the pre-pachytene germ cells that
attached to the basal membrane; the pachytene, diplotene, and
secondary spermatocytes; and the spermatids.

RESULTS

Generation of Jmjd1a Null Mice—The mouse Jmjd1a gene
spans about 43 kb and contains 26 exons that encode multiple
alternative splicing variants. To inactivate the enzyme activity
in all splicing isoforms, we constructed a gene-targeting vector
containing a 6-kb 5� arm from intron 12 to intron 16 and a
4.8-kb 3� arm containing exon 26 (Fig. 1A). After electroporat-
ing the targeting vectorDNA,we cultured ES cells in a selection
mediumwith neomycin and 1-(2-deoxy-2-fluoro-�-D-arabino-
furanosyl)-5-iodouracil and then performed Southern blot to
identify clones with correct homologous recombination. After
the DNA samples were digested with XhoI and EcoRV restric-
tion enzymes, the 5� probe detected a 7.3-kb fragment from the
targeted allele and a 10.9-kb fragment from the WT allele,
whereas the 3� probe detected a 8.1-kb fragment from the tar-
geted allele and a 11.4-kb fragment from theWTallele (Fig. 1,A
and B). Further Southern blot analysis using a neo probe con-
firmed that the genome of all three targeted clones had no
detectable random insertion of the vector DNA, indicating that
only the Jmjd1a allele is mutated in these clones (data not
shown). Because the deleted region in the targeted allele con-
tains exons 17–25 for the demethylase domain of Jmjd1a, the
targeted Jmjd1a allele is a null allele in terms of its enzymatic
activity (Fig. 1A).

Three lines of targeted ES cells were injected into C57BL/6
morula followed by embryo transplantation into pseudopreg-

nant foster mothers. Fourteen male
chimeric mice were produced from
two of the three ES cell lines. Chi-
mericmicewith germ line transmis-
sionwere identified by crossingwith
WT C57BL/6 females. Heterozy-
gous (Jmjd1a�/�) and homozygous
(Jmjd1a�/�) mice were subsequently
generated and identified by PCR-
based genotyping analysis (Fig. 1C).
Western blot using testis extracts of
Jmjd1a�/� and Jmjd1a�/� mice and
an antibody against the N terminus
of Jmjd1a confirmed the absence of
the 150-kDa Jmjd1a protein in
Jmjd1a�/� mice (Fig. 1D). In addi-
tion, a weak 90-kDa band was only
detected in Jmjd1a�/� mice, likely
representing a demethylase-deficient
N-terminal polypeptide created by
the gene-targeting event.
From an examined batch of

Jmjd1a�/� breeding pairs, 102WT,
213 Jmjd1a�/�, and 101 Jmjd1a�/�

pups were obtained, indicating a
normal Mendelian ratio (1:2:1). All
of thesemice exhibited normal body
growth. These results suggest that

Jmjd1a is not essential for embryonic development, postnatal
survival, or somatic growth.
Disruption of the Jmjd1a Gene Causes Severe Oligozoosper-

mia and Male Infertility—Female Jmjd1a�/� and Jmjd1a�/�

mice and male Jmjd1a�/� mice exhibited normal reproductive
function. When sexually mature male Jmjd1a�/� mice were
paired with young adultWT females, they were able to success-
fully mount the females and ejaculate to produce coital plugs in
the vagina, indicating that Jmjd1a is not required for male sex-
ual behavior. However, no progeny was produced from a total
of five breeding pairs of male Jmjd1a�/� and normal female
mice in a period of 6months. These results indicate that Jmjd1a
is absolutely essential for male reproductive function.
To investigate why male Jmjd1a�/� mice were infertile, we

examined their testosterone levels, testis weights, and sperm
numbers. We found no significant differences in serum testos-
terone levels and body weights between male Jmjd1a�/� and
WT mice at 12 weeks of age (data not shown). However, the
testes of Jmjd1a�/�miceweremuch smaller than those of their
WT littermates (Fig. 2A). The ratio of average testis weight to
body weight for Jmjd1a�/� mice was reduced 40% versus WT
mice (Fig. 2A). Surprisingly, in contrast to the numerous
mature sperm found in the epididymal lumen ofWTmice, very
few sperm could be observed in the epididymal lumen of
Jmjd1a�/�mice (Fig. 2B). Spermcounting further revealed that
the average number of total epididymal sperm in Jmjd1a�/�

mice was only 1‰ of that in WT mice (Fig. 2B). These results
clearly demonstrate that disruption of the Jmjd1a gene results
in a severe oligozoospermia syndrome responsible for the ster-
ile phenotype of male Jmjd1a�/� mice.

FIGURE 1. Generation of Jmjd1a�/� mice. A, gene-targeting strategy used to generate Jmjd1a knock-out
allele in ES cells. The relationships among the 3� region of the Jmjd1a gene, the targeting vector, and the
targeted Jmjd1a allele are sketched. The two black bars under the Jmjd1a locus indicate the 5� and 3� DNA
probes for Southern blot. The gray bars under the Jmjd1a locus and the targeted allele indicate the DNA
fragments amplified by PCR for genotyping. B, identification of targeted ES clones by Southern blot. ES cell
DNA was digested by XhoI and EcoRV for Southern blot using 5� probe and by EcoRV for Southern blot
using 3� probe as indicated in A. The 5� probe detected a 10.9-kb fragment from the WT (�) Jmjd1a allele and
a 7.3-kb fragment from the targeted (�) Jmjd1a allele. The 3� probe detected a 11.4-kb fragment from the WT
Jmjd1a allele and a 8.1-kb fragment from the targeted Jmjd1a allele. C, genotype analysis of mice by PCR. PCRs
were performed using mouse genomic DNA and allele-specific primer pairs. The upper band (226 bp) and the
lower band (120 bp) represent WT and targeted Jmjd1a alleles, respectively. D, Western blot. Testis lysates were
prepared from Jmjd1a heterozygous (�/�) and knock-out (�/�) mice. Western blot was performed using
Jmjd1a antibody. �-Actin served as a loading control.
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Jmjd1a Is Mainly Expressed in Pachytene and 2nd Spermato-
cytes during Spermatogenesis—To assess the cell type-specific
function of Jmjd1a in the testis, it is essential to determine what
cell types express Jmjd1a protein during spermatogenesis. For
this purpose, we generated a recombinant Jmjd1a polypeptide
(Asn308–Asn522) as an antigen and produced Jmjd1a polyclonal
antibody.We performed IHC for Jmjd1awith this antibody and
periodic acid-Schiff and hematoxylin staining for the acrosome
to distinguish developmental steps of spermatids and morpho-
logical stages of the germinal epithelial cycle of seminiferous
tubules. We detected a Jmjd1a protein in the nuclei of stages
I–X pachytene spermatocytes. Jmjd1a immunostaining sig-
nals weremuch stronger in stages IV–IX pachytene cells versus
stages II, III, and X pachytene cells (Fig. 2C). Relatively weak
signals were observed in the diplotene and 2nd spermatocytes
(Fig. 2C and Fig. 7). In addition, very weak Jmjd1a immuno-
staining signals were detected in step 1 round spermatids (Fig.
2C). In contrast, Jmjd1a immunoreactivity was absent in stages

II–VI spermatogonia and in stages
VII and VIII preleptotene, stages IX
and X leptotene, and stages XI and
XII zygotene spermatocytes. Jmjd1a
was also undetectable in stages
II–XII round spermatids and all
stages elongating spermatids (Fig.
2C). In addition, Jmjd1a immuno-
staining signals were not found in
Sertoli cells and Leydig cells (Fig.
2C). Surprisingly, strong Jmjd1a
immunofluorescence signals were
scattered on the chromosomes of
pachytene spermatocytes (Fig. 2D),
suggesting that Jmjd1a is associated
with the chromosome for histone
modification. Taken together, these
results demonstrate that Jmjd1a is
specifically expressed in pachytene,
diplotene, and 2nd spermatocytes
and step 1 round spermatids. This
interesting spatial and temporal
expression pattern suggests that
Jmjd1a should function in a germ
cell type- and stage-specific manner
during spermatogenesis.
Disruption of Jmjd1a Significantly

Increases H3K9me1 in Pachytene
Spermatocytes—Jmjd1a demethyl-
ates H3K9me1 in biochemical re-
actions (28). To examine the
H3K9me1 pattern and the impact of
Jmjd1a knock-out onH3K9me1 sta-
tus in the germinal epithelium of
seminiferous tubules, we performed
IHC with antibodies specific to
H3K9me1. In the testes of adultWT
mice, strong H3K9me1 immuno-
staining signalswere observed in the
nuclei of all fist layer germ cells of

the stage II–XII germinal epithelia, including spermatogonia,
preleptotene, leptotene, and zygotene cells, whereas no signals
were seen in the nuclei of Sertoli cells (Fig. 3A). Moderate levels
of H3K9me1 immunoreactivity were detected in the nuclei of
stages I–IV pachytene spermatocytes, and a weak signal was
observed in the nuclei of stage VII pachytene spermatocytes
(Fig. 3A). Interestingly, H3K9me1 was undetectable in stages
VIII–X pachytene and stage XI diplotene spermatocytes (Fig.
3A). H3K9me1 signal remained very low in 2nd spermatocytes
and steps 1–8 round spermatids, but it became much stronger
in steps 9–12 spermatids (Fig. 3A). H3K9me1 signal was absent
in the nuclei of steps 13–16 spermatids (Fig. 3A). These results
indicate that the degree of H3K9me1 is dynamically regulated
in a spermatogenic step-specific manner.
In the testes of adult Jmjd1a�/� mice, H3K9me1 levels in

spermatogonia and stages I–VII pachytene spermatocytes were
unchanged. However, H3K9me1 levels in Jmjd1a�/� testes
were markedly increased in late step pachytene, diplotene, and

FIGURE 2. Testis weight, sperm count, and Jmjd1a distribution in the testis. A, photographs of testes and
the ratios of testis weight (T.W.) to body weight (B.W.) obtained from 12-week-old WT and Jmjd1a�/� (KO) mice.
S.D., standard deviation; N., number; p value (�0.01), calculated by unpaired t test. B, hematoxylin and eosin-
stained sections of the caudal epididymides prepared from 12-week-old WT and Jmjd1a�/� (KO) mice and the
average sperm number collected from each epididymis in WT and KO mice. The statistical analysis was per-
formed with unpaired t test. S, spermatozoa; L, lumen. C, Jmjd1a IHC. Paraffin sections were prepared from the
testes of 7-week-old mice and used for IHC. Brown color indicates Jmjd1a immunoreactivity. The sections were
counterstained with periodic acid-Schiff and hematoxylin. The section from a Jmjd1a�/� (KO) mouse served as
a negative control. The seminiferous stages were labeled from I to XII. Sg, spermatogonia; Pl, preleptotene; L,
leptotene; Z, zygotene; P, pachytene; 2nd, secondary spermatocyte; RS, round spermatid; ES, elongating sper-
matid; SC, Sertoli cell; LC, Leydig cell. D, immunofluorescence staining of chromosomes in a pachytene sper-
matocyte with Jmjd1a antibodies and propidium iodide (PI).
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2nd spermatocytes in stages VIII–XII germinal epithelia versus
WT (Fig. 3A). Furthermore, H3K9me1 immunostaining signals
remained higher in step 1 round spermatids in Jmjd1a�/� tes-
tes versus WT. Similar to WT testes, the H3K9me1 signal was
undetectable in steps 13–16 spermatids in Jmjd1a�/� testes
(Fig. 3A). Western blot with testis lysates confirmed that
H3K9me1 was significantly increased in the testes of all exam-

ined Jmjd1a�/� mice, and it was
also increased in the testes of two of
the three examined Jmjd1a�/�mice
(Fig. 4A). These results demonstrate
that Jmjd1a is required for de-
methylating H3K9me1 in late step
pachytene spermatocytes and early
step round spermatids.
Inactivation of Jmjd1a Increases

H3K9me2 in Pachytene Spermato-
cytes and Step 9–10 Spermatids
without Affecting H3K9me3 Levels—
In biochemical reactions, in addi-
tion to H3K9me1, Jmjd1a also
demethylates H3K9me2 but not
H3K9me3 (28). We used IHC to
define H3K9me2 patterns and
assessed the effects of Jmjd1a
knock-out on H3K9me2 levels.
In WT germinal epithelium, the
H3K9me2 was high in spermatogo-
nia (stages II–VI), preleptotene
(stages VII and VIII), leptotene
(stages IX and X), zygotene (stages
XI and XII), and stage I pachytene
spermatocytes (Fig. 3B). H3K9me2
levels were reduced in stages II–X
pachytene, stage XI diplotene, and
stage XII 2nd spermatocytes.
H3K9me2 levels remained low in
steps 1–9 spermatids. Interestingly,
H3K9me2 immunoreactivity was
transiently increased in step 10
elongating spermatids and then
decreased to low levels again in
steps 11–16 spermatids (Fig. 3B).
Ablation of Jmjd1a in mice did

not alter the H3K9me2 levels in
spermatogonia, preleptotene, lepto-
tene, zygotene, and the first step
pachytene spermatocytes but in-
creased H3K9me2 levels in stages
II–IX pachytene spermatocytes
(Fig. 3B). H3K9me2 immunore-
activity was similar in stage X
pachytene, stage XI diplotene, and
stage XII 2nd spermatocytes and in
steps 1–8 spermatids in the germi-
nal epithelia of Jmjd1a�/� and WT
mice (Fig. 3B). However, H3K9me2
levels were markedly elevated in

steps 9–12 spermatids in Jmjd1a�/� germinal epithelia before
declining to low levels in steps 13–16 spermatids (Fig. 3B).
Western blot clearly revealed that theH3K9me2 level increased
2–3-fold in Jmjd1a�/� testes versus WT testes, and it also
increased in two of the three examined Jmjd1a�/� mice (Fig.
4A). These results indicate that the H3K9me2 level is strin-
gently regulated in a spermatogenic step-specific manner, and

FIGURE 3. Stage-specific H3K9 methylation in the testes of WT mice and increased H3K9me1 and
H3K9me2 in the testes of Jmjd1a�/� (KO) mice. Testis sections were prepared from 7-week-old WT and
Jmjd1a�/� (KO) mice. The stages of seminiferous epithelium are indicated. Refer to the legend for Fig. 2 for
abbreviations of cell type nomenclatures. Substitution of nonimmune IgG for specific antibodies was
performed as negative controls. A, H3K9me1 IHC (brown color) in the testes of WT and KO mice.
B, H3K9me2 IHC (brown color) in the testes of WT and KO mice. C, H3K9me3 IHC (brown color) in the testes
of WT and KO mice.
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Jmjd1a is required tomaintain relatively low levels ofH3K9me2
in pachytene spermatocytes and step 9–10 spermatids.
We also examined H3K9me3 by IHC.Moderate H3K9me3

immunoreactivity was detected in spermatogonia and
preleptotene spermatocytes. H3K9me3 immunostaining sig-
nals began to increase in leptotene spermatocytes and
reached the peak level in stage I pachytene spermatocytes
(Fig. 3C). H3K9me3 immunostaining signals were gradually
reduced in stages II–IX pachytene spermatocytes and
became undetectable in stage X pachytene spermatocytes. In
round spermatids, H3K9me3 signals were observed in cen-
tral regions of the nuclei (Fig. 3C). Disruption of the Jmjd1a
gene did not change H3K9me3 levels throughout the sper-
matogenic cycle in Jmjd1a�/� mice (Fig. 3C). Western blot
also confirmed that Jmjd1a deficiency had no effect on
H3K9me3 levels in the testis (Fig. 4A). These data agree with
in vitro assays that found H3K9me3 was not a substrate of
Jmjd1a (28). In addition, Jmjd1a deficiency also did not alter
H3K27me2 levels in the testis (Fig. 4A). This was consistent
with the similar expression levels of H3K27-specific histone
demethylases, Utx and Jmjd3 (46), in the testes of Jmjd1a�/�

and WT mice (Fig. 4B). These results demonstrate that the
H3K9me3 levels vary during spermatogenesis, and Jmjd1a
does not modulate either H3K9me3 or H3K27me2 in the
testis. Therefore, in the testis, Jmjd1a functions as an
H3K9me1/H3K9me2-specific demethylase.

Increase in H3K9me1 and H3K9me2 Is Associated with a
Decrease inHistoneAcetylation in the Testes of Jmjd1a�/�Mice—
Because methylation and acetylation are mutually exclusive at
histone H3K9 (47), we examined histone acetylation by West-
ern blot. The acetylation levels of both histonesH3 andH4were
significantly reduced in the testes of Jmjd1a�/� mice versus
WT mice as assayed by the antibodies against acetylated
H3K9/14 and H4K5/8/12/16 (Fig. 4C). Further analysis with an
antibody specific to acetylated H3K9 confirmed a significant
decrease in H3K9 acetylation in Jmjd1a�/� testis. In contrast,
the levels of H3K56 acetylation remained unchanged in
Jmjd1a�/� testis (Fig. 4C). Real time RT-PCR analyses revealed
that the broadly expressed histone acetyltransferases cAMP-
response element-binding protein-binding protein and p300
and the testis-specific histone acetyltransferases Myst1 and
Tip60 (48) were equally expressed in the testes of Jmjd1a�/�

andWTmice (Fig. 4D). These results suggest that the reduced
histone acetylation in the testes of Jmjd1a�/� mice may be
directly associated with the increased histone methylation and
is not due to any change of histone acetyltransferase expression.
These results also suggest that Jmjd1a may serve as a transcrip-
tional activator in the testis through indirectly enhancing his-
tone acetylation.
Jmjd1aDeficiencyDiminishes CremRecruitment, Act Expres-

sion, and Transcriptional Activation of Their Target Genes
Required for Chromatin Condensation in Spermatids—The
grades of histone acetylation and methylation are usually asso-
ciated with recruitment of transcription factors to the chroma-
tin and transcriptional activation of certain gene promoters.
Crem is an essential transcription factor that works with its
coactivator Act in germ cells to mediate expression of multiple
genes required for spermatid elongation, includingTnp1,Tnp2,
Prm1, and Prm2 (3, 8). Because Jmjd1a deficiency increased
H3K9me1 and H3K9me2 and decreased histone H3 acetyla-
tion, we examined Crem and Act expression as well as their
target gene expression in the testes of Jmjd1a�/� mice.
Although the Crem expression level was unaltered, the level of
Act expression decreased more than 70% in the testes of
Jmjd1a�/� mice versus WT mice, suggesting that the histone
modification altered by Jmjd1a deficiency selectively affects
some but not all gene expression (Fig. 5A). There are two
known Crem-binding sites (a and b in Fig. 5B) in the proximal
region of the Tnp1 promoter and the recruitment of Crem to
these sites activatesTnp1 transcription (49). Importantly, ChIP
assays revealed that the recruitment of Crem to both a and b
sites was significantly reduced in the testes of Jmjd1a�/� mice
versusWTmice (a and b, Fig. 5C). Similarly, the recruitment of
Crem to a functional binding site in the promoter of another
direct target geneOdf1 was also reduced (Fig. 5, B and region c
in C). Furthermore, ChIP assays demonstrated that Jmjd1a
deficiency increasedH3K9me1 levels at all three Crem-binding
regions in both promoters and H3K9me2 levels at Crem-bind-
ing regions a in Tnp1 promoter and c in Odf1 promoter,
although it had little effect on H3K9me3 levels at these Crem-
binding regions (Fig. 5C). These results suggest that Jmjd1a-
regulated histone codes are required for Act expression and
Crem recruitment to the functional binding sites of its target
genes.

FIGURE 4. Jmjd1a deficiency increases histone methylation and de-
creases histone acetylation in the testis. A, Western blot analyses of
H3K9me1, H3K9me2, H3K9me3, H3K27me2, and total H3 in the testes of
12-week-old WT (�/�), heterozygous (�/�), and KO (�/�) Jmjd1a mice.
Two independent sets of samples were assayed. Total H3 levels served as
loading controls. B, Utx and Jmjd3 mRNA levels measured by real time
RT-PCR. Total RNA samples were prepared from the testes of 12-week-old
WT (n � 3) and KO (n � 3) mice. Each sample was assayed twice. The level
of mRNA was normalized to 18 S level of the same sample. Data have no
statistical difference and are presented as mean � S.D. C, Western blot
analyses of acetylated H3 (Ace-H3K9/14), H4 (Ace-H4K5/8/12/16), H3K9,
and H3K56. Total H3 served as loading control. Two independent sets of
samples were assayed. The first three testis samples used in A and C were
the same, so the total H3 was the same. D, real time RT-PCR measurements
of p300, Cbp, Myst1, and Tip60 mRNA levels. RNA samples and analytical
methods were described in B.
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In agreement with reduced Crem recruitment to its target
promoter and reduced Act expression in the testes of
Jmjd1a�/� mice, the expression levels of all examined Crem
and Act target genes, includingTnp1,Tnp2, Prm1, Prm2,Odf1,
andGsg3, were significantly reduced in the testes of Jmjd1a�/�

mice, and especially the mRNA level of Tnp1 was reduced 90%
when compared with that in the testes of WT mice (Fig. 5D).
Western blot using the Tnp1 antibody also revealed a remark-
able decrease in Tnp1 in the testes of Jmjd1a�/� mice versus
WT mice (Fig. 5E). These results indicate that ablation of
Jmjd1a significantly inhibits Crem- and Act-mediated target
gene expression in the testes due to, at least in part, the failed
Crem recruitment to chromatin and decreased Act expression.
Disruption of the Jmjd1a Gene Blocks Spermatid Elongation—

To characterize the physiological significance of Jmjd1a-regu-
lated histone modifications and gene expression during sper-
matogenesis, we carefully examined the cell morphology and
the numbers of each cell type associated with specific stages of
the seminiferous epithelia in Jmjd1a�/� mice. No differences
were observed in the morphology of Sertoli cells in the testes of
Jmjd1a�/� mice versus WT mice. This is consistent with the
absence of Jmjd1a in Sertoli cells. In the germ cell lineage,
Jmjd1a deficiency also did not affect the morphology of sper-
matogonia, spermatocytes, and steps 1–8 round spermatids
(Fig. 6A).
Importantly, abnormal morphology began to be observed in

step 9 Jmjd1a�/� spermatids (stage IX). For normal spermio-
genesis in WT mice, step 9 spermatids started shaping their
nuclear heads by developing ventral and dorsal surfaces. At

steps 10–12 (stages X–XII), most normal spermatids formed
an apex at the junction of dorsal and ventral surfaces. From
steps 13 to 15 (stages I–VI), all normal WT spermatids devel-
oped an elongated, dense head. At step 16 (stages VII and VIII),
normal mature spermatids had moved to luminal layers of the
seminiferous epithelium and were ready to be released or
already released into the lumen. As a result, very few sperma-
tozoa could be seen in stage VIII seminiferous epithelium (Fig.
6A). However, although step 9 spermatids of Jmjd1a�/� mice
initiated their head-shaping process, some of these spermatids
could not form normal ventral and dorsal surfaces. At steps
10–12, most Jmjd1a�/� spermatids could not develop normal
apexes at the junction of dorsal and ventral surfaces, and they
displayed short, irregular and/or polygonal head morpholo-
gies (Fig. 6A). At steps 13–15 (stages I–IV), the headmorphol-
ogies of the Jmjd1a�/� spermatids remained short, irregular,
and polygonal. In stages V and VI seminiferous epithelia of
Jmjd1a�/� mice, the spermiogenesis towardmature spermato-
zoawas basically arrested, and the total number of step 15 elon-
gated spermatids was drastically reduced compared with the
number observed in stages I–IV seminiferous epithelia (Fig.
6A). As a result, in stages VII and VIII seminiferous epithelia of
Jmjd1a�/� mice, very few step 16 elongated spermatids and
almost no mature spermatozoa could be observed either in the
apical crypts of Sertoli cells or in the lumen of seminiferous
tubules (Fig. 6A). Taken together, disruption of the Jmjd1a
preferentially restricts the process of spermatid elongation
starting at step 9 and blocks spermiogenesis, resulting in severe

FIGURE 5. Jmjd1a deficiency decreases Act expression and diminishes Crem-mediated gene expression. A, relative Crem and Act mRNA expression levels
in the testes of 12-week-old WT and Jmjd1a�/� (KO) mice (n � 3 for each group). **, p � 0.01 by unpaired t test. B, cAMP-response elements (CRE) for Crem
binding in the proximal regions of the Tnp1 and Odf1 promoters are indicated. Exon 1 and exon 2 (E2) also are indicated. The DNA fragments (a– c) that were
amplified by PCR in ChIP assays are marked. C, ChIP assays for regions a and b of the Tnp1 promoter and c of the Odf1 promoter (B). Germ cells were isolated from
the testes of WT and Jmjd1a�/� (KO) mice. Input represents 20% of materials used for Crem ChIP. ChIP assays were performed using antibodies against
H3K9me1, H3K9me2, H3K9me3, and Crem as indicated. Substitution of nonimmune IgG for specific antibodies served as negative controls. D, expression levels
of Crem and Act target genes in the testes of 12-week-old WT and Jmjd1a�/� (KO) mice (n � 3 for each group). Data are presented as mean � S.D. *, p � 0.05
by unpaired t test. E, Western blot analysis of Tnp1 in the testes of 12-week-old WT (�/�), Jmjd1a�/�, and Jmjd1a�/� mice. �-Actin served as a loading control.
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oligozoospermia and a sterile phenotype of male Jmjd1a�/�

mice.
Defective Spermatogenesis Is Associated with Extensive Apo-

ptosis of Germ Cells—We have shown that Jmjd1a deficiency
blocked spermiogenesis. To investigate the fate of germ cells in
the testes of Jmjd1a�/� mice, we performed apoptosis assays
and counted the number of apoptotic cells in three groups.
Group A included those germ cells attached to the basement
membrane of seminiferous tubules, which were spermatogonia
and pre-pachytene spermatocytes; group B mainly included
pachytene, diplotene, and secondary spermatocytes; and group
C contained both round and elongating spermatids. The aver-
age number of group A apoptotic germ cells showed no signif-
icant difference in the testes ofWT and Jmjd1a�/� mice. How-
ever, the average number of apoptotic germ cells in groups B
and C were, respectively, 5- and 10-fold higher in Jmjd1a�/�

mice versusWTmice (Fig. 6,C andD). These results indicate
that Jmjd1a is required for the viability of pachytene, diplo-
tene, and secondary spermatocytes and round and elongat-
ing spermatids.

DISCUSSION

Post-translational modifications of the histone N termini
play important roles in determining chromatin topology and
transcriptional regulation. These modifications mainly include
methylation and acetylation of lysine and arginine residues,
phosphorylation of serine and threonine residues, and ubiqui-
tylation and sumoylation of lysine residues. Furthermore, lysine
residues can be modified by one, two, or three methyl groups.
Although histone acetylations usually enhance transcriptional
activation, histone methylations may positively or negatively
regulate gene expression, depending on which lysine residue is
modified and how many methyl groups are added (50). Meth-
ylation of H3K9 usually suppresses transcription (50). Impor-
tantly, histone methylation is a reversible process, and several
classes of histone demethylases have been discovered (51, 52).
Recently, a large family of proteins that contain a jumonji C-ter-
minal (JmjC) domain has been identified to have histone de-
methylase activity (52). As a group, these demethylases can
demethylate mono-, di-, and/or tri-methylated lysine residues
and methylated arginine residues, whereas individual enzymes
exhibit different substrate specificities (46, 53, 54). Jmjd1a is a
member of this family and selectively removes mono- and di-
methyl groups fromH3K9 (28). Although biochemical features
of these histone demethylases have been characterized, very
few studies have been carried out to understand their physio-
logical significance.

In this study, we have found that Jmjd1a is specifically
expressed in the pachytene and secondary spermatocytes and
step 1 round spermatids during spermatogenesis (Fig. 7). High
levels of H3K9me1 are present in stages I–VI pre-pachytene
germcells and stages I–VI pachytene spermatocytes.H3K9me1
levels are low in stages VII–IX pachytene spermatocytes and
absent in late stage pachytene spermatocytes and all round
spermatids. However, H3K9me1 reappears in steps 9–11 elon-
gating spermatids (Fig. 7). High levels of H3K9me2 are also
present in pre-pachytene germ cells and stage I pachytene sper-
matocytes; however, it is undetectable at later stages (Fig. 7).
Importantly, knock-out of Jmjd1a significantly increases
H3K9me1 andH3K9me2 in the pachytene and secondary sper-
matocytes, round spermatids, and early elongating spermatids.
These results indicate that Jmjd1a expressed in the pachytene
and secondary spermatocytes and early round spermatids plays
an important role in demethylatingH3K9me1 andH3K9me2 in
these germ cells and maintaining a hypomethylation status of
H3K9 in later step round and elongating spermatids. Addition-
ally, low levels of H3K9me3 are observed in spermatogonia and
stages II–IX pachytene spermatocytes, whereas higher levels
appear in preleptotene, leptotene, zygotene, and stage I
pachytene spermatocytes (Fig. 7). In agreement with a previous
report that H3K9me3 is not a substrate of Jmjd1a (28), knock-
out of Jmjd1a does not alter H3K9me3 patterns in the germ
cells. These results suggest that the dynamic levels ofH3K9me3
in germ cells may be regulated by other specific histone
demethylase(s).
Interestingly, we found that the increase in H3K9me1 and

H3K9me2 correlated with a decrease inH3 andH4 acetylations
in the germ cells of Jmjd1a�/� mice. This may be partially
explained by the exclusive relationship between methylation
and acetylation on common lysine residues. H4 hyperacetyla-
tion happens just before histone replacement and is observed
only in species in which spermatogenesis requires histone
replacement (16). Therefore, the reduced H4 acetylation in the
germ cells of Jmjd1a�/� mice may affect histone replacement
in elongating spermatids during spermiogenesis and lead to
defective elongating spermatids. However, the direct link
between H4 acetylation and H3K9 methylation is currently
unknown (47).
Presumably, changes in histone methylation and acetylation

in testes should influence regulation of gene expression impor-
tant for spermatogenesis. Androgen receptor (AR) is expressed
in Sertoli cells but not in germ cells, and it regulates gene
expression required for maintaining spermatocyte viability and

FIGURE 6. Ablation of Jmjd1a arrests spermiogenesis and causes apoptosis of developing germ cells. A, Jmjd1a deficiency blocked spermiogenesis at
spermatid-elongating stages. Testis sections were prepared from 12-week-old WT and Jmjd1a�/� (KO) mice and stained with periodic acid-Schiff and hema-
toxylin. The stages of seminiferous epithelium are indicated from I to XII. Note the abnormal head morphologies of elongating spermatids at stages X–XII and
stages I–IV and the drastically reduced number of elongated spermatids at stages X–VII in KO testes (green boxes). Sg, spermatogonia; Pl, preleptotene; L,
leptotene; Z, zygotene; P, pachytene; 2nd, secondary spermatocyte; RS, round spermatid; ES, elongating spermatid; SC, Sertoli cell; LC, Leydig cell. B, toluidine
blue-stained semi-thin sections of WT and Jmjd1a�/� (KO) mouse testes. Developmental steps of spermatids are indicated. acr, acrosome; DS, dorsal side; VS,
ventral side. C, detection of apoptotic cells in the testis sections of 12-week-old WT and KO mice by terminal deoxynucleotidyltransferase nick end-labeling
assay. Apoptotic cells exhibit brown nuclei in this assay. The lower panels are the enlarged pictures of the boxed regions in the upper panels. The asterisk indicates
the small apoptotic nuclei of the elongating spermatids. D, quantitative analysis of apoptotic germ cells in the seminiferous epithelium of WT and KO testes.
Three 12-week-old mice per genotype group and two sections per testis were analyzed. Apoptotic cells in group a (pre-pachytene germ cells), group b
(pachytene, diplotene and secondary spermatocytes), and group c (spermatids) were counted and recorded separately. Data are presented as the average
number (No.) of apoptotic cells per cross-sectioned seminiferous tubule. The Total bar graphs represent the sum of groups a– c. *, p � 0.05 by unpaired t test.
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spermatid maturation (55). Because Jmjd1a has been shown to
serve as an AR coactivator (28), it is conceivable that Jmjd1a
works with AR to support spermatogenesis. Our results dem-
onstrate that Jmjd1a is not present in Sertoli cells but in the
AR-negative germ cells, excluding the direct interaction
between AR and Jmjd1a in the germinal epithelium. Another
essential regulatory pathway for spermatogenesis is Crem-me-
diated gene expression (3, 49). Crem and its coactivator Act are
initially expressed in pachytene spermatocytes (2, 56). They
then work together to activate Tnp1, Tnp2, Prm1, and Prm2
expression in step 7 spermatids (2, 49). These gene products are
required for histone replacement and spermatid elongation
during spermiogenesis (4–7).We found that Jmjd1a deficiency
markedly reduced Act expression, increased histone methyl-
ation at the promoter regions of Crem target genes, and sup-
pressed Crem recruitment to its target promoters. This led to
significant decreases in the expression of all examined target

genes, including Tnp1, Tnp2, Prm1,
Prm2,Odf1, andGsg3. The failure of
Crem-regulated gene expression is
likely responsible, at least in part, for
the abnormal morphology of elon-
gating spermatids and blockade of
spermiogenesis at spermatid-elon-
gating steps in Jmjd1a�/�mice (Fig.
7). This conclusion is consistent
with previous findings showing de-
fective spermatogenesis in Tnp1,
Tnp2, Prm1, and Prm2mutantmice
(4–7).
We also found that disruption of

the Jmjd1a gene caused extensive
apoptosis of pachytene, diplotene,
and secondary spermatocytes as
well as spermatids. Our findings
indicate that Jmjd1a is required not
only for supporting the survival of
Jmjd1a-positive pachytene, diplo-
tene, secondary spermatocytes, and
step 1 round spermatids but also for
maintaining the viability of other
Jmjd1a-negative spermatids (Fig. 7).
These results suggest that Jmjd1a-
regulated epigenetic chromatin
modifications and gene expression
in Jmjd1a-positive germ cells con-
tinue to play a role in maintaining
the viability and development of late
step Jmjd1a-negative spermatids.
Extensive germ cell apoptosis is
likely responsible for the pheno-
type of small testes observed in
Jmjd1a�/� mice, whereas both the
apoptosis and the blockade of sper-
miogenesis at elongating steps are
likely responsible for the phenotype
of severe oligozoospermia and male
infertility in Jmjd1a�/� mice.

While this work was in progress, another Jmjd1a mutant
mouse model generated by a gene-trap strategy was recently
reported (57). Although the overall phenotype of defective
spermiogenesis and male infertility in this model is similar to
that observed in our Jmjd1a knock-out mice, major differences
exist between these two studies. First, the previous study
reported Jmjd1a protein in stages IX and X pachytene, diplo-
tene, and secondary spermatocytes, steps 1–13 spermatids, and
Sertoli cells. However, our analyses revealed that Jmjd1a pro-
tein is present in stages I–X pachytene, diplotene, and second-
ary spermatocytes and step 1 round spermatids but not in steps
2–13 spermatids and Sertoli cells. Second, the residual full-
length Jmjd1a protein was still detectable in the testes of the
former Jmjd1a gene-trap mice, suggesting it is a Jmjd1a hypo-
morphic mouse model, whereas the Jmjd1a�/� mouse line in
this study is a Jmjd1a null model. Third, the previous study did
not examine H3K9 methylation profiles in a germ cell stage-

FIGURE 7. Temporal and spatial distributions of Jmjd1a, H3K9me1, H3K9me2, H3K9me3, Crem, Act, and
Tnp1 in WT and Jmjd1a�/� mice during spermatogenesis and their relationships relevant to germ cell
apoptosis (Apop.) and spermatid-elongating arrest (S. arrest) in Jmjd1a�/� mice. The 12 stages of semi-
niferous epithelium and the developmental steps of spermatogenesis are listed. The levels of Jmjd1a,
H3K9me1, H3K9me2, and H3K9me3 in the testes of WT and Jmjd1a�/� (KO) mice are presented in color codes
as indicated (upper right corner). The steps with Crem and Act proteins and Tnp1 mRNA expression are indi-
cated. The steps with germ cell apoptosis and developmental arrest of elongating spermatids in Jmjd1a�/�

mice are also indicated. mIn, mitotic intermediate spermatogonia; B, type B spermatogonia; Bm, mitotic type B
spermatogonia; Pl, preleptotene cells; L, leptotene cells; Z, zygotene cells; P, pachytene cells; 2nd, secondary
spermatocytes; 1–16, steps 1–16 spermatids.

FIGURE 8. A working model of Jmjd1a function in spermatogenesis.
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specific manner and found no global alterations of H3K9me1
and H3K9me2 levels in the gene-trap model by Western blot-
ting. Our Western blot analyses revealed that H3K9me1 and
H3K9me2 levels significantly increased in the testes of
Jmjd1a�/� mice. Fourth, the previous study showed direct
association of Jmjd1a with the Tnp1 and Prm1 promoters and
suggested that Jmjd1a directly regulates transcriptional activa-
tion of the Tnp1 and Prm1 genes. However, our study demon-
strated that Jmjd1a regulates Tnp1, Tnp2, Prm1, and Prm2
expression through Crem/Act-mediated gene expression, an
indirect mechanism (see below and Fig. 8). Finally, Jmjd1a�/�

mice in this study showedmore severe phenotype than the pre-
vious mutant model. For example, morphological defects of
spermatids were observed at step 9, which was earlier than the
defects found in the previous model at step 11; the sperm num-
ber decreased to 1:1000 in Jmjd1a�/� mice versusWTmice in
this study, whereas it only decreased to 1:500 versusWTmice in
the previous model.
In summary, our findings support a simplified working

model sketched in Fig. 8 for the physiological function of
Jmjd1a in the process of spermatogenesis. The levels of
H3K9me1 and H3K9me2 are high in pre-pachytene and early
stage pachytene spermatocytes. Jmjd1a is first expressed in
early stage pachytene spermatocytes and functions to decrease
H3K9me1 and H3K9me2 levels in later stage pachytene sper-
matocytes, which allows an increase in histone acetylation and
Act expression.Crem is also simultaneously expressed withAct
starting in stage V pachytene spermatocytes (Fig. 7). The
hypomethylation of H3K9 continues in Jmjd1a-negative sper-
matids, which creates a chromatin epigenetic modification
environment suitable for recruitment of Crem and for tran-
scriptional activation of Crem and Act target genes, including
Tnp1, Tnp2, Prm1, and Prm2 in step 7 round spermatids and
elongating spermatids.
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