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Gonadotropin-Releasing Hormone Agonist Corrects Defective Mini-Puberty in 
Boys with Cryptorchidism: A Prospective Randomized Study

The low fertility potential in men with surgically
treated cryptorchidism is asserted to be hormonal 
in origin; it arises as a consequence of impaired 
“mini-puberty”, a period when gonocytes translate 
into adult (dark) spermatogonia [7]. In male 
infants, mini-puberty occurs between two and
four months after birth, when an increase in 
gonadotropin secretion stimulates Leydig cells to 
secrete testosterone [8, 9].
This testosterone increase is blunted in infants 
with cryptorchidism [10–13], and it results in an 
inadequate transition of gonocytes into adult dark 
(Ad) spermatogonia [7, 14].
Vincel et al., 2018

Muciaccia et al., 2013





Many genes are less highly expressed in gonads 
of HIR patients compared to LIR patientsCV

HIR: high infertility risk patients – absence of A-dark spermatogonia
LIR: low infertility risk patients – presence of A-dark spermatogonia

… reflecting a failure to change cell identity
from gonocytes to spermatogonia?



Failed upregulation of 
novel genes involved 

in the HPG axis in 
gonadal samples of 
high infertility risk 

patients. 

Intrinsically impaired 
activation and/or 

aberrant repression during 
differentiation towards 
spermatogonial fate?

Absence of HPG-mediated 
activation of genes in 

gonocytes?

Role of transcription factors 
and/or chromatin?



Failed upregulation of 
novel genes involved 

in the HPG axis in 
gonadal samples of 
high infertility risk 

patients. Many genes are the
typical developmental

regulatory genes 
including transcription

factors, signalling
molecules as well as

typical germ line
expressed genes

Intrinsically impaired 
activation and/or 

aberrant repression during 
differentiation towards 
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Absence of HPG-mediated 
activation of genes in 
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Role of transcription factors 
and/or chromatin?



Modes of epigenetic gene regulation and inheritance 

Chromatin organization

Transcriptional
repression

Nucleosomes and modifications

TFs
CpG (DNA)
methylation

Major modes of chromatin-related inheritance
1. DNA methylation (à more recent focus)

2. Nucleosomes with PTMs (à long standing focus)

3. RNA (mRNA, ncRNA, small RNAs, tRNAs, rRNAs)
Instructive and antagonistic interplay



Role of histone and DNA modifications in gene regulation

Stäubli and Peters, 2021

DNA methylationH3K4me3 activity Polycomb repression

housekeeping and developmental
genes

germline
genes

developmental regulatory
genes
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Acquired DNA methylation is only in part maintained in PGCs, and during 
gametogenesis and pre-implantation development, prior to its 

reestablishment during post-implantation development

Takahashi et al., 2023







Gene regulation by Polycomb Repressive Complexes

H3K27me3

Blackledge et al., 2019 Moussa et al., 2019

X-chromosome
inactivation gene repressiongermline gene

repression 
long range genome interactions

gene repressiongene repression

Repressive histone modifications, H2AK119ub (PRC1) and H3K27me3 (PRC2).

H2AK119ubH2AK119ub H2AK119ubH2AK119ub

initiation of silencing maintenance of silencing

Variant PRC1 Canonical PRC1

3D Polycomb Associated Domain (PAD) formation in oocytes and embryos 

Gene repression in male germ cells, oocytes and embryos, imprinted X inactivation and placenta development.



KDM2B prevents DNAme at PRC1/PRC2-controlled CGI promoters in mESCs

Protein domain structure

H3K36me1/me2
demethylation

in mouse ESCs Pcgf1

Ø KDM2A and KDM2B demethylate H3K36me1/me2 through the JmjC domain.

Ø In ESCs, KDM2B interacts with vPRC1.1 proteins, while KDM2A does not.

Ø KDM2A and KDM2B have a CxxC domain, which binds to all non-methylated CpG islands, irrespective 

of whether being transcptionally active or repressed by PRC1/2 repression.

Ø In ESCs, Kdm2b prevents DNA methylation at PRC1 regulated CGI-promoter genes.  

He et al., 2013; Wu et al., 2013; Blackledge et al., 2014; Boulard et al., 2015 (Bestor lab) 



Conditional deficiency study of Kdm2a and Kdm2b function in oocytes

Ø Kdm2a and Kdm2b are both expressed in growing oocytes 

Ø Mutations: Kdm2a floxed JmjC à KO / null allele

Kdm2b floxed JmjC à KO / null allele

Kdm2b floxed CxxC à in frame deletion; no recruitment to unmethylated CpGs

H3K36me1/2
demethylation

protein domain structure

in mouse oocytes

Takashi Kondo & Haruhiko Koseki
Laboratory for Developmental Genetics, RIKEN, Yokohama, Japan



mutant oocyte
X

wt sperm

Kdm2a/Kdm2b double deficiency in oocytes impairs embryonic development

Kdm2amatKO/+; Kdm2bmatKO/+ embryos

Kawamura et al. 2025



KDM2A/KDM2B proteins repress PRC1 target genes in oocytes

Ø Comparable but less extensive defects in gene repression in Kdm2a/Kdm2b dko mutant oocytes 

versus in Ring1/Rnf2 dko oocytes.

Ø Up-regulated genes are enriched for H2Au1.

Ø Upregulated genes include “developmental genes” and other typical “Polycomb target genes”.

Smart-seq2 RNA sequencing : sequencing of ~20 oocytes per genotype
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H3K36me2, H3K36me3 and DNA methylation are deposited
along expressed genes in control oocytes

Kawamura et al. 2025
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Accumulation of H3K36me2 and DNA methylation at 
Polycomb-regulated genes in mutant oocytes

Kawamura et al. 2025
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Accumulation of DNA methylation at CGI promoters of 
PRC1 target and non-target genes in mutant oocytes

Kawamura et al. 2025

@ promoters



instructive

inhibitory
inhibitory

Sequence and chromatin features define H3K36me2 occupancy 
and DNAme at CGIs

Kawamura et al. 2025



Aberrant DNA methylation is present at promoter sequences
of developmental regulatory genes
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Hyper DNA methylation at promoters of genes driving development

Gene Ontology analysis: 

cell fate specification and determination, morphogenesis, cellular differentiation and cell cycle regulation

Gene families: 
transcription factors: Foxo, Gata, Hand, Hes, Hox, Lhx, Nkx, Pax, Six, Sox, Tead, Tbx, and Zfp. 

cell signaling, growth factor activity, and cell adhesion: Bmp, Dll, Fgf, Igf2, Pdgf, Pcdh, Rar, Wnt, and Tgfb), 

gonadal development and synaptonemal complex assembly

Developmental processes: 
blastocyst development: Eomes, Gata4, Hnf1b, Junb, Klf4, and Sox17 

placenta development: Atrx, Hand1, Lhx3, Vash2, and Wnt2 

Gastrulation: Bmp4, Brachyury [T], Sox7, and Tlx2 

similar to genes 
lowly expressed
in gonads of 
HIR patients

Kawamura et al. 2025



Kdm2amatKO/+; Kdm2bmatKO/+ 2-cell embryos

Aberrant DNA methylation is associated with transcriptional down-regulation
of maternal alleles in 2-cell embryos
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Aberrant maternal DNA methylation is maintained, 
even enhanced or somewhat reduced in 4-cell embryos

Kawamura et al. 2025



mutant oocyte
X

wt sperm

Kdm2a/Kdm2b double deficiency in oocytes impairs embryonic development

Kdm2amatKO/+; Kdm2bmatKO/+ embryos

Kawamura et al. 2025



Dnmt3a (but not Dnmt1) deficiency suppresses lethality of
Kdm2a/Kdm2b maternally deficient pre-implantation embryos

Dnmt3amatKO/+ ; Kdm2amatKO/+ ; Kdm2bmatKO/+Kdm2amatKO/+; Kdm2bmatKO/+ embryos

Kawamura et al. 2025



KDM2A/KDM2B proteins restrict DNMT3A de novo methylation in oocytes
to support pre-implantation development  
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Kdm2a/Kdm2b DKO oocytesKdm2a/Kdm2b control oocytes

KDM2A/KDM2B function in oocytes as developmental gatekeepers, preventing 
intergenerational inheritance of faulty DNA methylation.

Kawamura et al. 2025

KDM2A/KDM2B are key members of a chromatin modifier network 
possibly conserving CpG dense-regions throughout evolution. 



Take home messages: germ line DNA methylation, early development and 
CpG island conservation 

Observations: 
Too much CpG methylation in the maternal genome, established during oogenesis, is detrimental for pre-
implantation development.

Aberrant de novo DNA methylation occurs at > 1500 CGI promoters as well as throughout the genome.

Aberrant methylation at CGI promoters measured in oocytes and 4-cell embryos is associated with maternal 
allele specific gene repression in 2-cell embryos, indicating an inhibitory role in zygotic gene regulation.

Implications: 
DNA demethylation activities present in early embryos are not sufficient for resetting aberrant maternal DNA 
methylation (TET3, other mechanisms). Contrary, we observe efficient maintenance of aberrant CGI 
methylation in embryos (in part also seen in wildtype embryos as well - Smallwood et al., 2011).

Early embryonic lethality argues for haplo-insufficiency of certain gene functions during pre-implantation 
development.

One open question is whether the identified histone methylation network contributed to the formation and 
retention of CpG islands in mammalian genomes?

Kawamura et al. 2025



transcriptional activity
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DNAme (5meCpG)
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PRC1/2-mediated transcriptional repression

Chromatin network interactions controlling DNA methylation levels at
CpG-rich sequences, including CpG islands at promoters and in gene bodies

Kawamura et al. 2025
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Cryptorchidism: 
Failed 

upregulation of 
novel genes 

involved in the 
HPG axis in 

gonadal samples 
of high infertility 

risk patients. 

Many genes are the
typical developmental

regulatory genes 
including transcription

factors, signalling
molecules as well as

typical germ line
expressed genes 

Intrinsically impaired 
activation and/or 

aberrant repression during 
differentiation towards 
spermatogonial fate?

Absence of HPG-mediated 
activation of genes in 

HIR gonocytes? Future experiments on HIR and LIR patient samples:
- Single cell RNA-seq
- Germ cell sorting?
- H2AK119u1 and H3K27me3 profiling
- DNA methylation profiling 
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Extensive chromatin remodeling in the male germ line

Stäubli and Peters, 2021Stäubli and Peters, 2021

Last decade: ChIP-seq studies showed that nucleosomes are present in 
mammalian sperm – yet genomic location has been majorly debated 
(Cairns, Peters, Corces, Okada and Rando labs).

Our recent findings:
- Single molecule chromatin footprinting analysis show that nucleosomes are 
present in sperm chromatin at low frequencies (Gaspa-Toneu, Shi et al.). 

- DNA methylation in developing male germ cells promotes loss of 
nucleosomes during spermatid elongation (Erkek et al., 2013; Fanourgakis 
et al., 2025).

- DNA methylation inherited from sperm prevents early deposition of 
H3K4me3 at regulatory sequences in early mouse embryos        
(Fanourgakis et al., 2025).



Downregulation of genes known to be 
involved in germ cell development 

and in the HPG axis in gonadal 
samples of high infertility risk 

patients. 

Many genes are the typical developmental
regulatory genes including transcription
factors, signalling molecules as well as

typical germline expressed genes. 



Posfai et al., 2012

Maternal deficiency for Ring1 and Rnf2 results in an arrest at the 2-cell stage

H3K27me3
X-chromosome

inactivation gene repressiongermline gene
repression 

long range genome interactions

gene repressiongene repression

H2AK119ubH2AK119ub H2AK119ubH2AK119ub

initiation of silencing maintenance of silencing

Variant PRC1 Canonical PRC1

What is the role of KDM2A and KDM2B proteins in oocytes and embryos? 



H2AK119u1 and H3K27me3 levels are reduced in Kdm2a/Kdm2b mutant oocytes 

KDM2A/KDM2B recruits PRC1 to chromatin in growing oocytes

PRC1 functions upstream of PRC2

Kawamura et al. unpublished

Kdm2ako; Kdm2bko



CpG dinucleotide methylation is majorly increased 
in Kdm2a/Kdm2b double mutant oocytes  

Immunostaining: 5-methylcytosine

Kawamura et al. unpublished



Does the gain of DNA methylation in oocytes cause developmental defects?

Kdm2amatKO/+; Kdm2bmatKO/+ embryos

Kawamura et al. unpublished

àRemoval of Dnmt3a in 
Kdm2a/Kdm2b dko oocytes
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mutant oocyte
X

wt sperm

Kdm2a/Kdm2b double deficiency in oocytes impairs embryonic development

Kdm2amatKO/+; Kdm2bmatKO/+ embryos

Kawamura et al. 2025



mutant oocyte  x  wildtype sperm
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Single Kdm2ako, Kdm2bko and Kdm2bDcxxc mutations in oocytes
do not impair preimplantation development

wt
wt wt

Kawamura et al. 2025

null CpG binding mutantnull



Double Kdm2a/Kdm2b mutations in oocytes impair preimplantation development

mutant oocyte  x  wildtype sperm

Kdm2bDCxxC
Kdm2ako
Kdm2bko

Kdm2ako
Kdm2bDCxxCKdm2bko

Kdm2ako

100%

50%

25%

0%

75%

ctrl mut ctrl mut ctrl mut ctrl mut ctrl mut

wt
wt wt

Kawamura et al. 2025

null CpG binding mutantnull double null null
CpG binding mutant

Normal numbers of oocytes are ovulated after hormonal induction in any of the mutants studied.

Kdm2a and Kdm2b fulfill essential “maternal functions” in oocytes

to support embryogenesis



CpG dinucleotide methylation is majorly increased 
in Kdm2a/Kdm2b double mutant oocytes  

Kdm2ako; Kdm2bko
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(whole genome bisulfite sequencing)
(130 oocytes / genotype)

Immunostaining: 5-methylcytosine

Kawamura et al. unpublished

WGBS: global gain of methylation: 36% à 59%



Are KDM2A/KDM2B preventing H3K36me2 accumulation in oocytes?

instructive

inhibitory
inhibitory

KDM2A, KDM2B

H3K36me2 demethylase

CGI binding 

vPRC1 recruitment to CGIs



H3K36 methylation directs de novo methylation in somatic and male germ cells

instructive

inhibitory
inhibitory

Schübeler, Allis, Kelsey, Xie, Lorincz



Like CpG methylation, H3K36me2 is majorly increased 
in Kdm2a/Kdm2b double mutant oocytes  

germinal vesicle oocytes growing oocytes

Kawamura et al. unpublished

Where is the gain of H3K36me2 ?



Massive gain in H3K36me2 and DNAme in the Hoxa gene cluster
in Kdm2a/Kdm2b double mutant oocytes

… and barely any gain of H3K36me3Kawamura et al. unpublished



H3K4me3 inhibits DNMT3A activity

instructive

inhibitory
inhibitory



H3K4me3 in primary growing oocytes is anti-correlated 
with H3K36 dimethylation in mutant oocytes

Kawamura et al. unpublished



Massive gain in DNAme in the Hoxa gene cluster 
in Kdm2a/Kdm2b double mutant oocytes

Kawamura et al. unpublished

Gain of DNA methylation at transcribed gene bodies, 
CpG island promoters and non-transcribed intergenic regions



Aberrant maternal DNA methylation is not reprogrammed in
maternally deficient Kdm2a/Kdm2b zygote embryos

Kawamura et al. unpublished



Aberrant DNA methylation associates with gene repression from maternal
but not paternal alleles in 2C embryos

Kawamura et al. unpublished
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Accumulation of H3K36me2 and DNA methylation at 
Polycomb-regulated genes in mutant oocytes

Kawamura et al. unpublished
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Accumulation of DNA methylation at CGI promoters of 
PRC1 target and non-target genes in mutant oocytes

Kawamura et al. unpublished

@ promoters



Reduction of H2AK119u1 at non-canonically imprinted genes in matDKO
oocytes while DNAme at canonical ICRs is unaffected

barely viable

Kawamura et al. unpublished



Outlook: germ line chromatin and early development

Kawamura et al. unpublished

Physiological relevance for 
embryo and placental 
development, and in disease?
VASH2: preeclampsia

Mechanisms of DNAme
inheritance?
(resistance to reprogramming 
during pre-implantation 
development)



transcriptional activity
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DNAme (5meCpG)
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H2A

DUB...

PRC1/2-mediated transcriptional repression

Chromatin network interactions controlling DNA methylation levels at
CpG-rich sequences, including CpG islands at promoters and in gene bodies

Kawamura et al. unpublished
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McLaren, 2003
Dev. Biol.

Extavour, and Akam, 2003
Development

EpigenesePreformation

anti-VASA Fragilis mRNA

Alkaline
Phosphatase

Drosophila melanogaster Mouse

The origin of germ cells

(Proteins, mRNAs) (Signal transduction, Transcription)

primordial
germ cells





PRC/2-mediated transcriptional repressiontranscriptional activity

H3K4me3

DNAme (5meCpG)
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Loss of KDM2A/KDM2B (and RING/RNF2) function: 
gain of DNA methylation at CpG-rich sequences

Kawamura et al. unpublished
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transcriptional activity
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PRC1/2-mediated transcriptional repression

Loss of RING1/RNF2 function: no gain of DNA methylation
at CpG-rich sequences, suggesting normal KDM2A/KDM2B function

Kawamura et al. unpublished
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Conditional deficiency study of Kdm2a and Kdm2b function in oocytes

Ø Kdm2a and Kdm2b are both expressed in growing oocytes 

Ø Mutations: Kdm2a floxed JmjC à KO / null allele

Kdm2b floxed JmjC à KO / null allele

Kdm2b floxed CxxC à in frame deletion; no recruitment to unmethylated CpGs

H3K36me1/2
demethylation

protein domain structure

in mouse oocytes

Takashi Kondo & Haruhiko Koseki
Laboratory for Developmental Genetics, RIKEN, Yokohama, Japan







CpG dinucleotides are methylated throughout the genome 
in mammalian somatic cells except for most CpG islands (CGIs)

silenced genes

house keeping genes germ cell genes
few tissue specific genesdevelopmental genes (Homeobox, Pax, Sox, signaling)

expressed genes

unmethylated 
promoter CGI

methylated 
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partially
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CpG dinucleotides are methylated throughout the genome 
in mammalian somatic cells except for most CpG islands (CGIs)

silenced genes

house keeping genes germ cell genes
few tissue specific genesdevelopmental genes (Homeobox, Pax, Sox, signaling)

expressed genes

unmethylated 
promoter CGI

methylated 
intragenic CGI

partially
methylated 

enhancer CGI

intergenic methylation
methylated 

promoter CGI

Intragenic methylation

Cytosine to Thymine transition: 
CmepG à natural (chemical) deamination à improper repair à TpG

What is the mechanism underlying CpG conservation within CGIs?

What is the mechanism preventing de novo DNA methylation acquisition at CGIs 
in the germ line?

house keeping,
developmentaltissue specific

or differently phrased:

Mohn and Schübeler, 2009

repetitive sequences



Dynamic changes in global DNA methylation during the mammalian life cycle

Stäubli and Peters, 2021

Global DNA methylation levels are very different in sperm and oocytes.
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maintenance of DNAme at imprinting control regions (ICRs)
driving mono allelic expression later in development



Dynamic changes in global DNA methylation during the mammalian life cycle

Stäubli and Peters, 2021

Global DNA methylation levels are very different in sperm and oocytes.
Almost all CGIs remain unmethylated in both germ cell lineages.
à Underlying mechanisms are unknown. Are they related? 
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maintenance of DNAme at imprinting control regions (ICRs)
driving mono allelic expression later in development



Hyper DNA methylation at promoters of genes driving development

Kawamura et al. BioRxiv 2024 - https://doi.org/10.1101/2024.05.29.595726

Gene Ontology analysis: 

cell fate specification and determination, morphogenesis, cellular differentiation and cell cycle regulation

Gene families: 
Transcription factors: Foxo, Gata, Hand, Hes, Hox, Lhx, Nkx, Pax, Six, Sox, Tead, Tbx, and Zfp. 

cell signaling, growth factor activity, and cell adhesion: Bmp, Dll, Fgf, Igf2, Pdgf, Pcdh, Rar, Wnt, and Tgfb), 

gonadal development and synaptonemal complex assembly: 

Developmental processes: 
blastocyst development: Eomes, Gata4, Hnf1b, Junb, Klf4, and Sox17 

placenta development: Atrx, Hand1, Lhx3, Vash2, and Wnt2 

Gastrulation: Bmp4, Brachyury [T], Sox7, and Tlx2 


