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Abstract DNA methylation catalyzed by DNA meth-
yltransferases (DNMTs) and histone deacetylation
catalyzed by histone deacetylases (HDACs) play an
important role for the regulation of gene expression
during carcinogenesis and spermatogenesis. We there-
fore studied the cell-speciWc expression of DNMT1 and
HDAC1 for the Wrst time in human testicular cancer
and impaired human spermatogenesis. During normal
spermatogenesis, DNMT1 and HDAC1 were colocal-
ized in nuclei of spermatogonia. While HDAC1 was
additionally present in nuclei of Sertoli cells, DNMT1
was restricted to germ cells exhibiting a diVerent
expression pattern of mRNA (in pachytene spermato-
cytes and round spermatids) and protein (in round

spermatids). Interestingly, in infertile patients reveal-
ing round spermatid maturation arrest, round spermatids
lack DNMT1 protein, while pachytene spermatocytes
became immunopositive for DNMT1. In contrast, no
changes in the expression pattern could be observed
for HDAC1. This holds true also in testicular tumors,
where HDAC1 has been demonstrated in embryonal
carcinoma, seminoma and teratoma. Interestingly,
DNMT1 was not expressed in seminoma, but upregu-
lated in embryonal carcinoma.
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Introduction

DNA methylation catalyzed by DNA methyltransfe-
rases (DNMTs) and histone deacetylation catalyzed by
histone deacetylases (HDACs) are known to play an
important role for the regulation of gene expression
during embryogenesis and carcinogenesis (Klose and
Bird 2006).

DNA methylation of deoxycytosine residues in CpG
dinucleotides is carried out by either the maintenance
DNMT1 (Bestor et al. 1988) or the de-novo DNMTs 3a
and 3b (Okano et al. 1998) catalyzing the transfer of a
methyl group from the S-adenosyl-methionine to the
5� position of cytosine in DNA. Hypermethylation of
CpG dinucleotides within gene promoters is known to
be associated with gene silencing causing loss of tumor
suppressor gene function in cancer (Turek-Plewa and
Jagodzinski 2005).

Within the testis, Trasler et al. (1992) demonstrated
a 5.2 kb DNMT mRNA in spermatogonia and round
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spermatids and a 6.2 kb DNMT mRNA in pachytene
spermatocytes. Applying northern and western blot
analyses, both the 5.2 kb transcript and the corre-
sponding protein have been reported to be most abun-
dant in testis from mice aged 6 days (approximately
twofold the 70-day values) (Benoit and Trasler 1994).
Both transcript and protein could be demonstrated
in spermatogonia, spermatocytes (Numata et al. 1994)
and round spermatids (Benoit and Trasler 1994). Simi-
lar results were obtained in rat testis (Jue et al. 1995).
Sakai et al. (2001) reported DNMT1 protein in primor-
dial germ cells and Sertoli cells in 12.5 days post coitum
mouse embryos. Real time RT-PCR demonstrated a
peak of DNMT1 mRNA expression levels around birth
(La Salle et al. 2004).

Acetylation and deacetylation of lysine residues,
clustered at the amino-terminal end of core histones,
involves histone acetyl transferases (HATs) and histone
deacetylases (HDACs), respectively (Davie 1998). It
has been demonstrated that HATs may act as transcrip-
tional coactivators (Spencer and Davie 1999), while
HDACs may induce transcriptional repression (De
Ruijter et al. 2003). Histone hyperacetylation, which
has been reported to play an important role for the pro-
duction of fertile spermatozoa (Gatewood et al. 1990;
Meistrich et al. 1992; Hazzouri et al. 2000; Sonnack
et al. 2002; Fenic et al. 2004), therefore, may be caused
by either activation of HATs or repression of HDACs.

Inhibitors of either HDAC or DNMT activity oVer
exciting opportunities for novel anti-cancer drugs, as
an increase in histone acetylation may enhance apopto-
sis, while DNA hypomethylation may result in reacti-
vation of tumor suppressor genes (Zhou and Otterson
2003). HDAC inhibitors, in addition, have been dem-
onstrated to cause male infertility and, therefore, may
represent possible contraceptives (Fenic et al. 2004).

To improve our knowledge on the regulation of
DNA methylation and histone acetylation, we analyzed
for the Wrst time the cell-speciWc expression of DNMT1,
known to represent the major enzyme that is responsi-
ble for the maintenance of the DNA methylation pat-
tern (Turek-Plewa and Jagodzinski 2005), and HDAC1,
known to represent the predominat HDAC within the
testis (Hazzouri et al. 2000), in both impaired human
spermatogenesis and human testicular cancer.

Materials and methods

Tissue

After written informed consent, testicular biopsies
from the following patients were analyzed: men with

obstructive azoospermia after vasectomy (n = 8).
These biopsies revealed normal spermatogenesis and
served as controls. Patients with spermatogenic arrest
at the level of round spermatids (n = 2), spermatocytes
(n = 2) and spermatogonia (n = 2), as well as Sertoli
cell only (SCO) syndrome (n = 2). In addition, samples
from patients exhibiting embryonal carcinoma (n = 8),
seminoma (n = 16) and teratoma (n = 8) were ana-
lyzed. All tumors were obtained from adults. No germ
cell tumors of infants have been included in the study.
Material was Wxed in either Bouin’s Wxative (biopsy
material) or 4% phosphate buVered formalin (tumor
material) and embedded in paraYn using standard
techniques. For histological evaluation, 5 �m sections
were stained with hematoxylin and eosin (H&E) and
scored, according to Bergmann and Kliesch (1998).

Real time quantitative PCR (QPCR)

Prior to RNA extraction, serial sections were taken to
ensure sample purity and amount of target tissue esti-
mated in the Wrst and last section by standard H&E
stain. Total RNA from patients mentioned in the “Tis-
sue” section revealing normal spermatogenesis (n = 6),
embryonal carcinoma (n = 6), seminoma (n = 4) and
teratoma (n = 2) was extracted using RNeasy Extr-
action Kit (Qiagen, Hilden, Germany). QPCR was
performed on cDNA synthesized from 1 �g of RNA
using nonamer primers and Omniscript Synthesis Kit
(Qiagen, Hilden, Germany). The intron-spanning
primer pairs were designed by Applied Biosystems
(Assay ID Hs00154749_m1 for DNMT1). Quantitative
PCR (QPCR) was performed using 5 �l PCR supermix
from Abgene (Abgene, Hamburg, Germany) on the
AB7900 Detection System. Primers were added to the
reaction mixture at a Wnal concentration of 200 nM.
Thermal cycle parameters were 50°C for 2 min, 95°C
for 10 min, 40 cycles of 95°C for 15 s and 60°C for
1 min. All reactions were performed in duplicate with
�-actin as an internal control.

Digoxigenin-labeled cRNA probes for DNMT1 
mRNA

Total RNA was extracted from testis homogenates
using Trizol (Invitrogen, Karlsruhe, Germany). First
strand cDNA-synthesis was performed using Omni-
script synthesis kit (Qiagen, Hilden, Germany). The
cDNA clone for human DNMT1 (GenBank accession
number NM_001379.1) was generated using RT-PCR
(1 £ 3 min for 95°C, 30 £ 45 s for 95°C, 45 s for 64°C,
45 s for 72°C, 1 £ 5 min for 72°C) with 5�AC-
CAAGCAAGAAGTGAAGCC3� as forward primer
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(bp 569–588) and 5�CAGGTTCTTCTGCAGGAA
GC3� as reverse primer (bp 885–905). A 336 bp PCR
product of the human DNMT1 cDNA was subcloned
in pGEM-T (Promega, Mannheim, Germany). The
plasmid was transformed in the XL1-Blue Escherichia
coli strain (Stratagene, Amsterdam, The Netherlands)
and extracted by column puriWcation (Qiagen, Hilden,
Germany). In vitro transcription of the DIG-labeled
cRNA was performed using the RNA–DIG Labeling
Mix (Boehringer Mannheim, Mannheim, Germany)
and RNA-polymerases T7 and SP6. Prior to cRNA
synthesis, the vector containing the DNMT1 insert had
been digested with SacI or SacII (New England Biol-
abs, Frankfurt, Germany) for the production of sense
cRNA (SacI/T7) and antisense cRNA (SacII/SP6).

In situ hybridization

In situ hybridization was performed as previously
reported (Steger et al. 1998b). BrieXy, 5 �m sections
were mounted on slides coated with aminopropyltri-
ethoxysilane (Sigma, Munich, Germany). After depa-
raVinization, sections were digested with proteinase K
(20 �g/ml) for 30 min at 37°C, postWxed in 4% para-
formaldehyde for 10 min and prehybridized in 20%
glycerol for 30 min. Sections were then incubated with
the DIG-labeled sense and antisense cRNA probes.
Both probes were used at a dilution of 1:100 in hybrid-
ization-buVer containing 50% deionized formamide,
10% dextran sulfate, 2£ SSC, 1£ Denhardt’s solution,
10 �g/ml salmon sperm DNA and 10 �g/ml yeast t-RNA.
Hybridization was performed overnight at 37°C in a
humid chamber containing 50% formamide in 2£ SSC.
Following posthybridization washes, tissue samples were
incubated overnight at 4°C with an anti-DIG Fab-anti-
body conjugated to alkaline phosphatase (Boehringer
Mannheim, Mannheim, Germany). Staining was visual-
ized with NBT/BCIP (KPL, MD, USA) in a humid
chamber protected from light.

Immunohistochemistry

The polyclonal antibodies goat anti-human DNMT1
(Santa Cruz, Heidelberg, Germany) and rabbit anti-
human HDAC1 (Sigma, Munich, Germany) were
used. After deparaVinization, antigen retrieval was
performed in 0.01 mol/l sodium citrate buVer (pH 6)
for 20 min at 100°C in a microwave oven. Subse-
quently, sections were treated with 3% H2O2 in metha-
nol for 20 min followed by Tris-buVered saline (TBS,
pH 7) containing 5% bovine serum albumin for 1 h.
Sections were then incubated with the primary anti-
body (DNMT1 1:500 in TBS, HDAC1 1:1,000 in TBS)

overnight at 4°C. This was followed by a biotinylated
secondary antibody (rabbit anti-goat or goat anti-rab-
bit, 1:200 in TBS, Dako, Hamburg, Germany) for 1 h
and an avidin biotin complex (ABC, Vector, USA)
also for 1 h. For color development, sections were incu-
bated with DAB/H2O2.

Results

During normal spermatogenesis, DNMT1 mRNA was
expressed in spermatogonia, pachytene spermatocytes
and round spermatids (Fig. 1a). Interestingly, the
corresponding protein could be observed in the nuclei
of spermatogonia and in the cytoplasm of round sper-
matids, but was absent in pachytene spermatocytes
(Fig. 1b). The HDAC1 protein was present in nuclei of
spermatogonia and Sertoli cells (Fig. 1c).

A similar staining pattern could be demonstrated in
seminiferous tubules exhibiting impaired spermato-
genesis. Interestingly, in seminiferous tubules revealing
round spermatid maturation arrest, solely pachytene
spermatocytes exhibited positive signals for DNMT1
protein (Fig. 1d). Tubules with spermatogenic arrest at
the level of spermatocytes exhibited positive signals for
both mRNA and protein in spermatogonia and pachy-
tene spermatocytes, while tubules with spermatogenic
arrest at the level of spermatogonia displayed positive
signals solely in spermatogonia. Tubules with Sertoli
cell only (SCO) characteristics were completely nega-
tive for both mRNA and protein. For HDAC1, sper-
matogonia and Sertoli cell nuclei remain positive even
in seminiferous tubules exhibiting spermatogenic arrest
at the level of spermatogonia or SCO characteristics
(data not shown).

In embryonal carcinoma, positive signals could be
observed for DNMT1 mRNA and protein, as well as
HDAC1 protein (Fig. 1e–g). Although signal intensity
for DNMT1 mRNA and protein was to a certain extent
heterogeneous between samples analyzed, all cases
revealed stronger signals in embryonal carcinoma
when compared with teratoma. In seminoma, both
mRNA and protein of DNMT1 were completely
absent in all specimens analyzed, while HDAC1 pro-
tein permanently exhibited positive signals (Fig. 1h–j).
In teratoma, DNMT1 mRNA and protein, as well as
HDAC1 protein revealed weak positive signals
(Fig. 1k–m).

In addition to in situ hybridization demonstrating
the cell-speciWc localization of DNMT1 transcripts, we
studied the quantitative expression of DNMT1 mRNA
in a panel of testicular tumors applying real time
quantitative PCR. In accordance with our data obtained
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by in situ hybridization and immunohistochemistry
(Table 1), we found that DNMT1 gene expression is sig-
niWcantly upregulated in embryonal carcinoma when
compared with seminoma and teratoma (Fig. 2).

Discussion

We studied the gene expression of the major enzyme
responsible for the maintenance of DNA methylation
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(DNMT1) and the predominat HDAC within the testis
(HDAC1) in impaired spermatogenesis and testicular
cancer. DNMT1 has been demonstrated to bind
HDAC1 (Fuks et al. 2000) and coexpression of
DNMT1 and HDAC1 has been reported in prostate
cancer (Patra et al. 2001) and in nuclei of spermatogo-
nia (this study). As spermatogonia are mitotically
active cells (Steger et al. 1998a), expression of DNMT1
may be due to the maintenance of the DNA methyla-
tion pattern in the course of DNA synthesis. In addi-
tion, data from Mortusewicz et al. (2005) point to a
direct role of DNMT1 in the restoration of epigenetic
information during DNA repair processes mediated
by binding to the proliferation cell nuclear antigen
(PCNA) binding domain. This is corroborated by the
coexpression of PCNA (Steger et al. 1998a) and
DNMT1 (this study) in the nuclei of spermatogonia.

While HDAC1 revealed an additional signal in the
nuclei of somatic Sertoli cells, DNMT1 gene expres-
sion was restricted to germ cells exhibiting positive sig-
nals for DNMT1 mRNA in pachytene spermatocytes
and round spermatids and for DNMT1 protein in the
cytoplasm of round spermatids. The diVerent expres-
sion pattern between transcript and corresponding pro-
tein may be similar to the mouse model, where it has
been demonstrated that three transcript isoforms may
be expressed by the DNMT1 locus due to alternative
usage of multiple Wrst exons (Mertineit et al. 1998;
La Salle et al. 2004). While DNMT1s is expressed in
somatic cells, DNMT1p and DNMT1o are expressed in

pachytene spermatocytes and oocytes, respectively.
DNMT1p mRNA does not produce active protein,
because short open reading frames in the Wrst exon
likely interfere with translation of the authentic open
reading frame (Ko et al. 2005). It has been suggested
that the Wrst exon of DNMT1 may be involved in
the localization of DNMT1 during various stages of
gametogenesis. Interestingly, a tissue-dependent diVer-
entially methylated region (DMR) has been demon-
strated in the 5� region of DNMT1o, but not in that of
DNMT1s and DNMT1p (Ko et al. 2005).

Although the cytoplasmic localization of DNMT1 in
round spermatids is in line with data obtained from
mouse (Benoit and Trasler 1994), the functional signiW-
cance of this Wnding remains unclear, but may be asso-
ciated with the structural chromatin reorganization due
to histone-to-protamine exchange. It may play a role in
the exact timing of protamine expression, which is of
great importance, as premature protamine expression

Fig. 1 DNMT1 in situ hybridization (a, e, h, k), DNMT1 immu-
nohistochemistry (b, d, f, i, l) and HDAC1 immunohistochemistry
(c, g, j, m) in seminiferous tubules exhibiting normal spermato-
genesis (a, b, c) and round spermatid maturation arrest (d), as
well as in embryonal carcinoma (e–g), seminoma (h–j) and tera-
toma (k–m). During normal spermatogenesis, DNMT1-mRNA is
expressed in spermatogonia (a, black arrow), pachytene sperma-
tocytes (a, white arrows) and round spermatids (a, black arrow-
heads), while DNMT1 protein is present in spermatogonia
(b, black arrow) and round spermatids (b, black arrowheads).
HDAC1 protein could be observed in nuclei of spermatogonia
(c, black arrow) and Sertoli cells (c, white arrowheads). Interestingly,
in round spermatid maturation arrest, DNMT1 could only be
demonstrated in nuclei of pachytene spermatocytes (d, white
arrow). Embryonal carcinoma exhibit positive cells for DNMT1-
mRNA (e), DNMT1 protein (f) and HDAC1 protein (g). Note
seminiferous tubules with spermatogenic arrest at various stages
of spermatogenesis. h (DNMT1-mRNA) and i (DNMT1 protein)
show seminoma (upper part) in direct vicinity to seminiferous
tubule with at least qualitative normal spermatogenesis (lower
part). While still some weak signals could be observed in the sem-
iniferous tubule, seminoma remains completely negative. By con-
trast, HDAC1 reveals a strong signal in seminoma (j, lower right,
seminiferous tubule with spermatogenic arrest at the level of
spermatogonia displaying positive Sertoli cell nuclei). Teratoma
displays positive cells for DNMT1-mRNA (k), DNMT1 protein
(l) and HDAC1 protein (m). Bars 50 �m

Table 1 Summary of results from in situ hybridization (ISH) and
immunohistochemistry (IHC)

SCO Sertoli-cell-only syndrome, SGA Spermatogenic arrest at
the level of spermatogonia, SCA Spermatogenic arrest at the
level of pachytene spermatocytes, RSMA Round spermatid
maturation arrest. Positive and negative signals are indicated
as + and ¡, respectively

DNMT-1 HDAC-1

mRNA 
(ISH)

Protein 
(IHC)

Protein 
(IHC)

Normal 
spermatogenesis
Sertoli cells ¡ ¡ + (nuclei)
Spermatogonia + (cytoplasm)+ (nuclei) + (nuclei)
Pachytene 
spermatocytes

+ (cytoplasm)¡ ¡

Round spermatids + (cytoplasm)+ (cytoplasm)¡
Impaired 

spermatogenesis
SCO
Sertoli cells ¡ ¡ +
SGA
Sertoli cells ¡ ¡ +
Spermatogonia + + +
SCA
Sertoli cells ¡ ¡ +
Spermatogonia + + +
Spermatocytes + + ¡

RSMA
Sertoli cells ¡ ¡ +
Spermatogonia ¡ ¡ +
Spermatocytes + + ¡
Round spermatids ¡ ¡ ¡

Tumor
Embryonal carcinoma + + +
Seminoma ¡ ¡ +
Teratoma + + +
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is known to result in precocious chromatin condensa-
tion followed by male infertiliy (Lee et al. 1995).
Replacement of DNA-binding histones by protamines
in elongating spermatids is associated with histone
hyperacetylation, which reduces the number of posi-
tive charges and, as a consequence, decreases the aYn-
ity of histones for DNA (Turner 1991). Histone H4
hyperacetylation has been demonstrated in murine
(Hazzouri et al. 2000) and human (Sonnack et al. 2002)
spermatogonia (due to mitosis) and elongating sper-
matids (due to histone-to-protamine exchange). In the
present study, we demonstrated a precocious appear-
ance of DNMT1 protein in the cytoplasm of pachytene
spermatocytes within seminiferous tubules revealing
round spermatid maturation arrest. Thus, precocious
expression of DNMT1 protein in spermatocytes might
result in aberrant protamine expression, which in turn
is followed by the failure of spermatocytes to diVerenti-
ate into spermatids.

Smiraglia et al. (2002) reported distinct epigenetic
phenotypes in seminomatous and non-seminomatous
testicular germ cell tumors, namely an average CpG
islands methylation of 0.08 and 1.11%, respectively.
Increased genome methylation in non-seminomatous
germ cell tumors is likely to be caused by DNMTs in
this type of testicular malignancy (Almstrup et al. 2005;
Skotheim et al. 2005). In the present study, both
DNMT1 mRNA and DNMT1 protein exhibited strong
signals in embryonal carcinoma and weak signals in
teratoma, but were completely absent in seminoma.
The diVerential gene expression of DNMT1 between
various forms of testicular cancer was corroborated by
data from microarray analysis (Biermann et al. 2006)
and real time quantitative PCR. Both methods dis-
played low DNMT1 mRNA levels in seminoma and
teratoma in combination with signiWcantly upregulated
transcript levels in embryonal carcinoma. These results
are in line with the fact that an increased DNMT1 gene
expression is found in carcinoma from a variety of

tissues (Jones and Baylin 2002). An increase in DNA
methyltransferase activity is associated with neoplastic
transformation, though the precise molecular mecha-
nism of DNMT1 function remains unclear. SpeciWc
deletion of DNMT1 markedly potentiated the ability
of 5-aza-2�-deoxycytidine to reactivate silenced tumor
suppressor genes suggesting that DNMT1 is both nec-
essary and suYcient to maintain global methylation
and aberrant CpG island methylation in cancer cells
(Robert et al. 2003). In addition, human cancer cells
lacking DNMT1 expression have been reported to
reveal an altered pattern of histone H3 modiWcation
resulting in an increase in acetylation and a decrease in
methylation of lysine 9 (Espada et al. 2004).

In conclusion, our study clearly demonstrated that
expression of DNMT1 is clearly regulated in both
impaired spermatogenesis and development of embry-
onal carcinoma, while HDAC1 expression is not regu-
lated during aberrant germ cell diVerentiation.
DNMT1 expression in aggressive forms of testicular
cancer including embryonal carcinoma and teratoma,
as demonstrated in the present study, might be of clini-
cal importance, as DNA methyltransferase inhibitors
represent promising new drugs for cancer therapies.
The Wrst of these compounds (5-azacytidine, Vidaza)
has recently been approved as an antitumor agent and
others are presently in various stages of preclinical and
clinical development. In contrast to the diVerentially
regulated DNMT1, weak immunopositive signals
for HDAC1 have been demonstrated in embryonal
carcinoma, seminoma and teratoma suggesting that
HDAC1 gene expression during testicular carcinogen-
esis is regulated, if at all, at a very low level.
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