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Scope of Thesis 

Posttranslational modifications (PTMs) of histone proteins, such as 

acetylation, methylation, phosphorylation, and ubiquitination, play 

essential roles in regulating chromatin dynamics. Histone modifications 

are important gene-regulating mechanisms in eukaryotic cells. Many 

PTMs occur on non-histone proteins as well as histones, leading to 

changes in protein-protein interactions, stability, localization, and/or 

enzymatic activities of proteins. Although protein phosphorylation, 

ubiquitylation and acetylation have been extensively studied, only a 

few proteins other than histones have been reported to be modified by 

lysine methylation.  

Plant homeodomain finger protein 2 (JHDM1), which belongs to the 

lysine demethylase 7 (KDM7) family in the Jumonji-C superfamily, has 

both the plant homeodomain (PHD) and the Jumonji-C (JmjC) domain 

at its N-terminus. The PHD recognizes methylated lysine residues, and 

the JmjC catalyzes the removal of methyl groups from the lysine 

residues by using Fe2+ and 2-oxoglutarate as cofactors. Functionally, 

JHDM1 has been identified as a histone demethylase that reverses 

dimethylation of histone 3 at lysine 9 (H3K9me2). JHDM1 was first 

identified as a candidate gene for hereditary sensory neuropathy type I 

because of its high expression in the neural dorsal root ganglia. In 

addition, mutation of the JHDM1 gene causes dwarfism following 
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random mutagenesis by retroviral transduction of gene traps into mouse 

embryonic stem cells. Yet, little is known about the physiological and 

pathological roles of JHDM1. Therefore, I investigated potential roles 

for the JHDM1 in bone development (Part I) and learning/memory in 

brain (Part II).  
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PART I: Jumonji histone demethylase 1 promotes 

bone formation by demethylating and activating 

Runx2 for osteoblast differentiation  

 

 

 

 

 

 

 

 

 

 

1 

 



Abstract 

Introduction: Jumonji histone demethylase 1 (JHDM1), which consists of a 

plant homeodomain and Jumonji-C domain, is an epigenetic regulator that 

demethylates H3K9me2. On the other hand, Runt-related transcription factor 

2 (Runx2) plays essential roles in bone development and regeneration. Given 

previous reports that the JHDM1 mutation can cause dwarfism in mice and 

that JHDM1 expression is correlated with that of Runx2 in differentiating 

thymocytes, I investigated whether JHDM1 regulates Runx2-mediated bone 

formation.  

Methods & Results: Overexpression of JHDM1 facilitated bone 

development in newborn mice, and viral shRNA knockdown of JHDM1 

delayed calvarial bone regeneration in adult rats. In primary osteoblasts and 

C2C12 precursor cells, JHDM1 enhances osteoblast differentiation by 

demethylating Runx2, while SUV39H1 inhibits bone formation by 

methylating it. The JHDM1-Runx2 interaction is mediated by the Jumonji-C 

and Runt domains, respectively, of the two proteins. The Runx2 binds to the 

osteocalcin promoter depending on its methylation status, that is, the binding 

is augmented at the demetylation state. 

Conclusion: Our results suggest that SUV39H1 and JHDM1 reciprocally 

regulate osteoblast differentiation by modulating Runx2-driven transcription 

at the post-translational level. This study may provide a theoretical basis for 

development of new therapeutic modalities for patients with impaired bone 

development or delayed fracture healing.  
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Introduction 

Plant homeodomain finger protein 2 (JHDM1) belongs to the lysine 

demethylase 7 (KDM7) family in the Jumonji-C superfamily because it has 

both a plant homeodomain (PHD) and a Jumonji-C (JmjC) domain at its N-

terminus. The PHD recognizes methylated lysine residues, and the JmjC 

catalyzes the removal of methyl groups from lysine residues by using Fe2+ and 

2-oxoglutarate as cofactors [1]. Functionally, JHDM1 has been identified as a 

histone demethylase that reverses dimethylation of histone 3 at lysine 9 

(H3K9me2). H3K9 methylation is regarded as transcription-repressive 

because of its association with heterochromatin assembly [2]. However, 

methylation also occurs at active genes in mammalian chromatin and 

participates in transcription elongation [3]. The consequences of JHDM1-

induced H3K9 demethylation on gene expression thus remain unclear. 

Nonetheless, JHDM1 is believed to act as a transcriptional coactivator by 

reversing methylation. For example, JHDM1 has been found to participate in 

energy homeostasis by activating HNF4 and FXR and to induce adipocyte 

differentiation by activating CEBPα [4, 5]. In addition, JHDM1 has been 

shown to promote inflammatory responses by inducing expression of NF-κB, 

which then enhances expression of proinflammatory genes [6]. However, 

given that H3K9 modification is widely involved in epigenetic regulation, 

JHDM1 likely participates in diverse biological processes beyond those 

mentioned here. However, little is known of the physiological and 

pathological roles of JHDM1.  
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Runt-related transcription factor 2 (Runx2) plays essential roles in osteoblast 

differentiation during bone development and remodeling. Runx2 binds to a 

conserved promoter sequence (R/TACCRCA) and transactivates genes 

encoding osteogenic proteins such as collagen α1, osteopontin, bone 

sialoprotein (BSP), and osteocalcin (OCN) [7, 8]. Runx2 is upregulated and 

post-translationally activated during the early stage of osteoblast 

differentiation. Runx2 is activated by phosphorylation at its serine or 

threonine residues through the MAPK-ERK pathway but inactivated by 

phosphorylation at other residues by GSK3β and CDK4 [9, 10]. In addition, 

acetylation is involved in Runx2 signaling. For instance, p300 and p300/CBP-

associated factor (PCAF) have been reported to enhance the transcriptional 

activity of Runx2 by acetylating Runx2 at lysine residues as well as to 

stabilize Runx2 by inhibiting Runx2 ubiquitination by Smurf1 [11, 12]. In 

contrast, the deacetylase HDAC3 is known to interact with Runx2 to repress 

the expression of Runx2 target genes [13]. Similarly, several members of the 

class II HDAC family have been shown to act as repressors in the expression 

of Runx2-driven genes [14]. In addition, Runx2 gene expression is positively 

regulated by the JmjC-domain-containing histone demthylase Jmjd3, which 

demethylates H3K27me3 at the promoter region of Runx2 [15]. This study 

was motivated by two reports linking JHDM1 to bone development and 

Runx2 signaling, respectively. Hansen et al. observed that mutation of the 

JHDM1 gene causes dwarfism following random mutagenesis by retroviral 

transduction of gene traps into mouse embryonic stem cells [16]. Zhao et al. 

found that the expression of JHDM1 is strongly related to that of Runx2 
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across all stages of thymocyte differentiation [17]. Therefore, in Part I, I 

hypothesized that JHDM1 might interact with Runx2 to regulate bone 

formation. The results of in vitro and in vivo experiments indicate that 

JHDM1 plays an essential role in bone formation as a positive regulator of 

Runx2, implying that JHDM1 could be a novel target for aiding bone 

formation. 
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Materials and methods 

Osteoblast isolation and cell culture. 

Osteoblasts were isolated from calvarial bones of newborn mice. Bones were 

digested with 0.1% collagenase (Sigma-Aldrich) and 0.2% Dispase (Roche, 

Basel, Switzerland), and cultured in α-MEM (without ascorbic acid) 

supplemented with 10% fetal bovine serum (FBS). On day 2, cells were 

reseeded at 1x104 per well in a 48-well dish, and cultured in α-MEM 

containing 10% FBS, 50 mg/L of ascorbic acid, 10 mM β-glycerphosphate, 

and 50 ng/mL of BMP2 (Peprotech, Rocky Hill, NJ) to stimulate cell 

differentiation and maturation. C2C12 (mouse mesenchymal precursor) and 

HEK293T (human embryonic kidney) cell-lines were obtained from American 

Type Culture Collection (ATCC, Manassas, VA) and cultured in DMEM 

supplemented with 10% FBS. 

  

Plasmids, siRNA and tranfection. 

Myc-tagged mouse Runx2 and OG2 reporter plasmids were kindly given by 

Dr. Hyun-Mo Ryoo (Seoul National University School of Dentistry), and 

Flag-SUV39H1 and Flag-G9a plasmids by Dr. Hong-Duk Youn (Seoul 

National University College of Medicine). The plasmids for Flag/streptavidin 

binding protein (F/S)-tagged Runx2 fragments were re-cloned from the Runx2 

plasmid using pfu polymerase-based PCR and blunt-end ligation. The cDNA 

of JHDM1 was cloned by RT-PCR with specific primers and amplified using 

pfu polymerase. The cDNA was inserted into Flag- or F/S-tagged vector. The 

１０ 

 



plasmids for F/S-tagged JHDM1 fragments were re-cloned from the JHDM1 

plasmid using BamHI and ECoRI enzymes. Specific sites of Runx2 and 

JHDM1 were replaced using PCR-based mutagenesis. For gene silencing, 

control (Sh-Con) or JHDM1-targeting shRNA (Sh-JHDM1) was inserted into 

the pLKO.1-puro vector using AgeI and EcoRI enzymes. The viral vector was 

co-transfected with pMD2-VSVG, pRSV-Rev and pMDLg/pRRE helper DNA 

into HEK293T cells, and viral supernatant was collected after 48 to 72 hour 

culture. C2C12 cells were infected overnight with the virus in the presence of 

6 µg/mL of polybrene, and infected cells were selected with 2 µg/mL of 

puromycin. For transient transfection with plasmids or siRNAs, cells were 

transfected with plasmids or siRNAs using Lipofectamine (Invitrogen, 

Carlsbad, CA). The transfected cells were stabilized for 48 hours before 

experiments. The sequences of shRNAs and siRNAs are summarized in 

Supplemental Table 1.  

 

Reporter assay. 

To evaluate the transcriptional activity of Runx2, two Runx2-responsive 

luciferase reporter plasmids were used: pGL3-6xOSE-luciferase plasmid 

containing six copies of the Runx2-binding DNA sequence (5’-

TGTGGTTGGTGATTGCAGCGGATCTGC-3’) and pGL3-OG2-luciferase 

plasmid containing the proximal segment (-1 to -905 bp) of the mouse 

osteocalcin promoter (NCBI # MMU66848). C2C12 cells were cotransfected 

with the luciferase reporter plasmid and the β-gal plasmid. The final DNA or 

siRNA concentration was adjusted by adding pcDNA or control siRNA, 
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respectively. Luciferase activity was assayed in cell extracts using a Lumat 

LB9507 luminometer (Berthold Technologies, Bad Wildbad, Germany). β-gal 

activity was assessed using a spectrophotometer to normalize transfection 

efficiencies. 

 

Alkaline Phosphatase and Alizalin Red S stainings. 

For alkaline phosphatase (ALP) staining, C2C12 cells and primary osteoblasts 

were cultured on 48-well plates at a density of 1x104 cells/well. After 

differentiating in an osteogenic meduim, cells were fixed with 10% 

formaldehyde, rinsed with water, and permeabilized by 0.1% Triton X-100. 

Cells were incubated at 37°C for 30 minutes in the Naphthol-AS-BL alkaline 

solution mixture (Sigma-Aldrich). For Alizalin Red S staining, cells were 

cultured on 6-well plates at a density of 1x105 cells/well, After being fixed in 

3.7% paraformaldehyde for 10 minutes, cells were stained with 2% Alizarin 

Red S (pH 4.2) for 30 minutes, rinsed with PBS, and photographed. 

 

Immunoblotting, immunoprecipitation, and streptoavidin pull-down 

assay.  

Total proteins were separated on 8% or 12% SDS/polyacrylamide gel and 

transferred to Immobilon-P membranes. The membranes were preincubated in 

5% nonfat milk for 60 minutes, and then sequentially incubated with a 

primary antibody (diluted 1:250-1:5000 in 5% nonfat milk) overnight at 4°C 

and incubated with a secondary antibody conjugated with horseradish 

peroxidase (diluted 1:5000 in 5% nonfat milk) at room temperature for 60 
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minutes. Primary antibodies against JHDM1, SUV39H1, H3K9me2, 

H3K27me2, H3K36me2, H3 were purchased from Cell Signaling (Danvers, 

MA); anti-Runx2 was from MBL (Woburn, MA); anti-Flag was from Sigma-

Aldrich (St. Louis, MO); anti-Runx2, anti-c-Myc, anti-G9a and anti-β-tubulin 

were from Santa Cruz biotechnology (Santa Cruz, CA); anti-methylated lysine 

and anti-SUV39H1 were from Abcam (Cambridge, UK). For 

immunoprecipitation, cell lysates (1mg protein) were incubated with 1 µg of 

an antibody for 12 hours and further incubated with 20 µL of Protein A/G-

sepharose beads (GE Healthcare Bio-Sciences, Piscataway, NJ) for 4 h. 

Precipitated immune complexes were eluted in a denaturing SDS sample 

buffer, and then subjected to immunoblotting. For streptoavidin pull-down 

assay, Flag-JHDM1 and one of four Flag/SBP-Runx2 fragments or Myc-

Runx2 and one of four Flag/SBP-JHDM1 fragments were coexpressed in 

HEK293T cells. Cell lysates (1 mg of proteins) were incubated with 10 µl/mg 

of streptavidin-affinity beads (GE Healthcare Bio-Sciences) for 3 hours at 4°C. 

After the beads were washed in the lysis buffer, the pulled-down proteins 

were eluted in a denaturing SDS sample buffer, and then subjected to Western 

blotting.  

 

RT-qPCR. 

Total RNA was extracted from cultured cells using Trizol reagent (Invitrogen). 

cDNAs were synthesized from 1 µg of total RNAs using the cDNA synthesis 

kit provided by Applied Biological Masterials Inc (Richmond, BC). cDNAs 

were amplified using the ABI StepOneTM Real-Time PCR (Applied Biological 
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Masterials Inc). Their levels were quantified by calculating Ct (threshold 

cycle) values and normalized by 18S RNA levels. To examine the temporal 

changes of mRNA levels during osteoblast differentiation, the results in each 

group were presented as relative values to the day-0 value in the 

corresponding group. The sequences of PCR primers are summarized in 

Supplemental Table 1.  

 

Chromatin immunoprecipitation (ChIP). 

DNAs and proteins in chromatins were cross-linked with 1% formaldehyde 

for 15 minutes and washed with ice-cold PBS. The cells were collected by 

scraping and centrifugation, and the pellets were lysed in the FA lysis buffer 

(50 mM HEPES, pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% 

sodium deoxycholate, 0.1% SDS, and a protease inhibitor cocktail). The 

lysates were sonicated to chop chromosomal DNAs into 400-700 bp pieces. 

The lysates were spun down and diluted five folds in a chromatin RIPA buffer 

(50 mM Tris, pH 8.0, 150 mM NaCl, 2 mM EDTA, 1% NP-40, 0.5% sodium 

deoxycholate, 0.1% SDS, and a protease inhibitor cocktail). The samples were 

precleaned with protein A/G beads, and 1% of each sample was used for the 

input control. The samples were immunoprecipitated with anti-Runx2, anti-

JHDM1, anti-H3K9me2, and anti-Lysine me1/2, or control IgG. The 

complexs were washed with a buffer (20 mM Tris, pH 8.0, 0.1% SDS, 1% 

Triton X-100, 2 mM EDTA, and 150 mM NaCl), and eluted with an elution 

buffer (1% SDS, 100 mM NaHCO3). Immunoprecipitated DNAs were 

subjected to PCR amplification using specific primers, whose sequences are 
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summarized in Supplemental Table 1, for Runx2 binding elements in the 

osteocalcin gene.  

 

In vitro methylation assay 

Recombinant GST-tagged Runt domain peptide (GST-Rx2) was expressed in 

Escherichia coli using IPTG and purified using GSH-affinity beads. Flag-

SUV39H1 and Flag/SBP-JHDM1 peptides were expressed in HEK293T cells 

and purified by affinity chromatography using EZviewTM Red anti-FALG® 

M2 beads and Flag peptide (Sigma-Aldrich). To methylate the Runt domain in 

vitro, GST-Rx2 (1 µg per reaction) was incubated with 50 μM S-adenosyl 

methionine (SAM), Flag-SUV39H1 (500 ng), and/or Flag/SBP-JHDM1 (250 

ng) in the methylation buffer containing 50 mM Tris/HCl (pH 8.0), 150 mM 

NaCl, 1 mM EDTA, 0.02% Triton X-100, and protease inhibitor cocktail. The 

reaction was incubated for 60 minutes at 37°C or at 4°C and stopped by 

boiling in a SDS loading buffer. The reaction mixtures were eletrophoresed 

and the methylation of GST-Rx2 was detected using anti-methylated lysine 

antibody.  

 

Immunofluorescence and immunohistochemistry. 

For immunofluorescence, cells on coverslips were fixed with 3.7% 

paraformaldehyde and permeabilized with 0.1% Triton X-100. Non-specific 

protein binding was blocked with 1% goat serum and cells were incubated 

with primary antibody overnight at 4°C. After brief washing, cells were 
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incubated with a fluorescence-probe-conjugated secondary antibody for 1 h. 

Excised calvarias were fixed with 3.7% paraformaldehyde and embedded in 

paraffin. Serial sections (4 µm) were cut from each block, deparaffinized, 

rehydrated in a graded alcohol series, and heated in a microwave for 15 min in 

10 mM sodium citrate (pH 6.0) to retrieve antigens. Sections were 

sequentially incubated with blocking solution for 1 h, with anti-JHDM1 or 

anti-Flag antibody overnight at 4°C, and Alexa 586-conjugated anti-rabbit or 

biotinylated secondary (for anti-Flag stained slides) antibody (Invitrogen) for 

1 h. Stained cells and tissues were mounted on glass slides to evaluate signal 

under a fluorescence microscope (Olympus). For immunohistochemistry, the 

mouse calvarial sections were sequentially incubated with a blocking solution 

for an hour and with the anti-Flag antibody overnight at 4°C. The slides were 

incubated with biotinylated secondary antibody for 2 hours, and then 

visualized using the ABC kit (VECTOR, Burlingame, CA) and DAB (DAKO, 

Denmark). 

 

Generation of JHDM1 transgenic mice and skeletal staining. 

Transgenic mice were created by injecting the CMV-Flag-JHDM1 vector into 

fertilized eggs from C57BL6 mice. Transgenic lines were established from 9 

founders that were identified via PCR-based genotyping, and a transgenic line 

was used in our experiments. For genotyping, genomic DNAs extracted from 

tail biopsies were amplified using transgene-specific PCR primers. 

Hemizygote males were bred with wild females to produce hemizygous 

transgenic and wild-type littermates. All experiments were done in 
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compliance with the guide included in the Seoul National University 

Laboratory Animal Maintenance Manual (approve No. SNU-100805-2-2). For 

bone and cartilage staining, newborn mice were eviscerated, fixed in 95% 

ethanol for 1 day, and transferred to acetone. After 3 days, the samples were 

rinsed with water and stained for 2 days with 0.005% Alizarin red S and 0.015% 

Alcian blue 8GX in ethanol. After rinsing with water, the samples were kept 

in 20% glycerol/1% KOH until the skeletons became clearly visible. For 

storage, they were serially transferred into 50%, 80%, and 100% glycerol. All 

reagents used were purchased from Sigma-Aldrich. 

 

Calcein-Alizarin double staining. 

After heterozygous JHDM1-t/g female mice had mated with wild-type male 

mice, pregnant mice having wild-type and t/g fetuses were intraperitoneally 

injected with fluorochrome-labeled Calcein green (10 mg/kg, Sigma-Aldrich) 

on day 16.5 of pregnancy. Two days later, the maternal mice were secondarily 

injected with Alizarin complexone (50 mg/kg, Sigma-Aldrich). On postnatal 

day 1 after young mice were born 2 days after the second injection, their tails 

were biopsied for genotyping and calvarias were fixed in 70% ethanol. 

Calcein- and Alizalin-labeled calvarias were examined under a fluorescence 

microscope. 

von Kossa staining. 

Mouse calvarias were fixed with 3.7% paraformaldehyde and embedded in 

Tecnovit 7200 resin. Tissue sections (50 µm) were cut, incubated in 5% silver 
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nitrate for 1 hour, and exposed to bright light for 15 minutes. Sections were 

then incubated in 5% sodium thiosulfate for 3 minutes, rinsed in water, and 

counterstained with Nuclear Fast Red. 

 

Critical-size calvarial defects in rats. 

To study bone regeneration, I produced calvarial defects in 10-week-old, male 

SD rats weighing 300–350 g (Orient, Gyeonggki-do, Korea). A semilunar 

incision was made in the scalp to allow reflection of a full-thickness flap. I 

prepared an 8 mm-diameter bone defect in calvarias with a trephine bur 

(GEBR, Brasseler, Germany). The calvarias were covered with a collagen 

matrix (Cowellmedi Co., Busan , Korea) containing 2 mg of BMP-2 and 

5x109/mL of shRNA lentiviruses, and skin flaps were sutured. Eight rats per 

each group were sacrificed 8 weeks after surgery. For histological analysis, 

calvarial samples were fixed in 4% paraformaldehyde for 24 hours, 

decalcified with 10% EDTA for 10-14 days, embedded in paraffin, and 

sectioned at 4 µm. Sections were stained with Hematoxylin and Eosin for 

histological analysis. The procedures used and the care of animals were in 

accordance with the guide included in the Seoul National University 

Laboratory Animal Maintenance Manual (approve No. SNU-121214-2-1) 

 

Micro-computed tomography (micro-CT). 

Micro-CT of rat calvaria was performed using a Skyscan 1172 scanner 

(Bruker-microCT, Kontich, Belgium). Scanning was carried out at 70 kV/141 

µA for 1180 milliseconds. In total, 1004 projections were collected at a 
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resolution of 14.87 µm/pixel. Reconstruction of sections was carried out with 

software associated with the scanner (Nrecon) with beam hardening 

correction set to 5%. Realistic 3D-Visulizatio software (Bruker-microCT, 

Konitch, Belgium) was used to reconstruct the CT images 3-dimensionally. 

Micro-CT of mice whole-body was taken with a NFR Polaris-G90 

(Nanofocusray, Jeonju, Korea). Scanning was carried out at 65 kV/120 µA for 

150 milliseconds. Data were acquired from 1024 images of reconstruction 

with an isotropic voxel spacing of 0.034 × 0.034 × 0.027 mm3. The volume of 

bone ingrown in a defect site was analyzed 3-dimensionally using a software 

Amira version 5.4.1 (Visage Imaging GmbH, Berlin, Germany). 

 

In-gel digestion and Mass analysis 

Flag/SBP-R2 peptide expressed in C2C12 stable cell lines were bound to 

Flag-affinity beads (10 µl/mg protein) for 4 hours at 4°C and eluted with Flag 

peptide (0.2 µg/ml). The eluted Flag/SBP-R2 peptide was secondarily bound 

to streptavidin beads (10 µl/mg) for a hour at 4°C, eluted a denaturing SDS 

sample buffer, and subjected to SDS-PAGE. For in-gel digestion, gel pieces 

were reduced at 56oC for 45 minutes by 10 mM DTT, followed by alkylation 

of cysteines with 55 mM iodoacetamide for 30 minutes in the dark. Gel pieces 

were treated overnight with 12.5 ng/µL of trypsin (Promega, Madison, WI) in 

50 mM NH4HCO3 buffer (pH 7.8) at 37oC. Digested peptides were extracted 

with 5% formic acid for 20 minutes, and the supernatants were dried using 

SpeedVac. Samples suspended in 0.1% formic acid were purified and 

concentrated using C18 ZipTips (Millipore, MA) before MS analysis. The 
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peptides were loaded onto a fused silica microcapillary column (12 cm x 75 

µm) packed with C18 reversed phase resin (5 µm, 200 Å). LC separation was 

conducted under a linear gradient as follows: a 3-40% solvent (acetonitrile 

containing 0.1% formic acid) gradient with a flow rate of 250 nL/minute for 

60 minutes. The column was directly connected to LTQ linear ion-trap mass 

spectrometer (Finnigan, CA) equipped with a nano-electrospray ion source. 

The electrospray voltage was set at 1.95 kV, and the threshold for switching 

from MS to MS/MS was 500. The normalized collision energy for MS/MS 

was 35% of main radio frequency amplitude and the duration of activation 

was 30 milliseconds. All spectra were acquired in data-dependent scan mode. 

Each full MS scan was followed by five MS/MS scan corresponding from the 

most intense to the fifth intense peaks of full MS scan. Repeat count of peak 

for dynamic exclusion was 1, and its repeat duration was 30 seconds. The 

dynamic exclusion duration was set for 180 seconds and width of exclusion 

mass was ±1.5 Da. The acquired spectra were searched in the 

BioWorksBrowserTM (version Rev. 3.3.1 SP1, Thermo Fisher Scientific Inc., 

CA) with the SEQUEST search engines against non-redundant human 

database on National Center for Biotechnology Information 

(http://www.ncbi.nlm.nih.gov/).  

 

Statistics.  

All data were analyzed using Microsoft Excel 2010 software, and results are 

expressed as means and standard deviations. I used the unpaired, two-sided 

Student t-test to compare reporter activities and morphometric data from 
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micro-CT analyses. Statistical significances were considered when P values 

were < 0.05. 
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Table 1. Nucleotide sequences of RNAs and primers used in experiments. 

 

 

 

 

Purposes Targets Sequences (5’ to 3’) 
shRNAs Non-targeting 

control 

 

 

Mouse JHDM1 

 

 

Rat JHDM1-I 

 

 

Rat JHDM1-II 

 

CTAGCAAAAACGCTGAGTACTTCGAAATGTC

CTCGAGGACATTTCGAAGTACTCAGCGCC 

 

CTAGCAAAAACGTGGCTATTAAAGTGTTCT

ACTCGAGTAGAACACTTTAATAGCCACGCC 

 

AATTAAAAAGAAGAAAGGGAAGAAGTGCAA

CTCGAGTTGCACTTCTTCCCTTTCTTC 

 

AATTAAAAACAAAGAGCGTCCTGAGTGTTC

CTCGAGGAACACTCAGGACGCTCTTTG 

siRNAs Non-targeting 

control 

 

Mouse 

Suv39H1-I 

 

Mouse 

Suv39H1-II 

AUGAACGUGAAUUGCUCAATT 

 

UCUUUCUAAGUCCUUGUG 

 

GUUGUCUAUGAAUACGUU 

  Forward primers (5’ 
to 3’) 

Reverse primers (5’ to 

3’) 
RT-qPCR Mouse ALP 

 

 

Mouse OCN 

 

 

Mouse BSP 

CCAACTCTTTTGTG

CCAGAGA 

 

GCAATAAGGTAGTG

AACAGACTCC 

 

AAGCAGCACCGTTG

AGTATGG 

GGCTACATTGGTGT

TGAGCTTTT 

 

GTTTGTAGGCGGTC

TTCAAGC 

 

CCTTGTAGTAGCTG

TATTCGTCCTC 

ChIP PCR Proximal OCN 

promoter  

 

Distal OCN  

promoter 

CGTCCACTCCCAGA

GCCTT (P2) 

 

CCCACAATGGGCTA

GGCTC (P4) 

CTCAGTGGGTCAAA

CCCAAAG (P1) 

 

TGCCTCCATAAGAT

CCGGTT (P3) 
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Results 

Bone development is facilitated in JHDM1 transgenic mice 

To examine the involvement of JHDM1 in bone development, JHDM1 

transgenic (t/g) heterozygous mice were generated, and their whole skeletons 

on postnatal day 1 were compared with those of their wild-type littermates. 

Bone and cartilage were co-stained using Alizarin red and Alcian blue, 

respectively. Alizarin red staining was denser in JHDM1-t/g mice than in 

wild-type mice, whereas Alcian blue staining intensity did not differ 

significantly (Figure 1A, left panel). A close examination of three skeletal 

regions revealed that they were better developed in t/g mice than in wild-type 

mice (Figure 1A, right panel). However, the limb and spine lengths were 

similar between the two groups (Figure 2), which suggests that bone growth 

in length due to endochondral ossification is probably not determined by 

JHDM1. Following confirmation of JHDM1 overexpression in the calvarial 

bone of t/g mice by Western blotting and immunostaining (Figure 1B), 

calvarial bone area and density were compared with those of wild-type mice 

by micro-CT. JHDM1-t/g mice displayed larger, denser bones than wild-type 

mice (Figure 1C). To analyze the extent of new bone formation in fetal mice, I 

first stained fetal bones with Calcein green for 2 days and further stained them 

with Alizalin red for 2 days, as described in the Method section. The area of 

new bone formed over 2 days (revealed by red staining in the absence of blue) 

was significantly higher in JHDM1-t/g mice (Figure 1D). Moreover, bone 

formation was verified using von Kossa staining (dark purple color reaction 

by silver deposition to calcium phosphate) and osteocalcin 
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immunofluorescence (Figure 1E). I next examined osteoblast differentiation 

in calvarial bones by measuring the mRNA levels of osteogenic genes, which 

revealed higher expressions of the genes in JHDM1-t/g calvarias (Figure 1F). 

In contrast to newborn mice, the gross appearance and skeletal structure of 3-

month-old mice did not differ significantly between JHDM1-t/g and wild-type 

mice (Figure 3). These results suggest that JHDM1 facilitates bone 

development during the neonatal stage, but does not affect bone growth after 

birth. 

 

JHDM1 promotes osteoblast differentiation 

Given the earlier onset of bone development observed in JHDM1-t/g mice, the 

involvement of JHDM1 in osteoblast differentiation, a critical step in bone 

development, was examined. Primary osteoblasts were isolated from calvarias 

of JHDM1-t/g and wild-type mice on postnatal day 1, and differentiated by 

BMP2. As expected, JHDM1 was expressed at a higher level in JHDM1-t/g 

osteoblasts than that in wild-type osteoblasts. In a temporal viewpoint, 

JHDM1 seems to be expressed in parallel with Runx2 because both proteins 

were induced during the early stage of differentiation but decreased after day 

5 of differentiation in both wild-type and JHDM1-t/g osteoblasts (Figure 4A). 

Strangely, Runx2 expression in JHDM1-t/g cells did not decrease even on day 

7. An immunofluorescence analysis revealed that JHDM1 and Runx2 were 

co-expressed in nuclei of wild-type osteoblasts (Figure 4B). To examine 

whether JHDM1 affects the rate of osteoblast differentiation, alkaline 

phosphatase (ALP) staining (Figure 4C) and its enzymatic assay (Figure 4D) 
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were carried out. Both assays revealed that ALP activity increased beginning 

at the third day of differentiation, and was significantly enhanced in JHDM1-

t/g osteoblasts. The effects of JHDM1 on late osteoblast differentiation 

(maturation) were examined by assessing matrix mineralization using Alizarin 

red and RT-PCR for differentiation markers. JHDM1-t/g osteoblasts displayed 

greater mineralization (Figure 4E) and expression of ALP, osteocalcin (OCN), 

and bone sialoprotein (BSP) (Figure 4F). Ectopic expression of JHDM1 in 

C2C12 precursor cells facilitated BMP2-induced activation of ALP (Figure 5). 

Collectively, these results imply that JHDM1 is a positive regulator of 

osteoblast differentiation. 

 

JHDM1 is essential for osteoblast differentiation 

The involvement of JHDM1 in osteoblast differentiation was re-examined by 

knocking down JHDM1 in C2C12 cells using a shRNA lentivirus. Western 

blotting confirmed stable knockdown of JHDM1 (Figure 6A, right panel). 

Given this result and Figure 2A, it is suggested that Runx2 expression per se 

is not regulated by JHDM1. As in primary osteoblasts, BMP2-induced 

differentiation upregulated JHDM1 and induced Runx2 expression in control 

C2C12 cells (Figure 6A, left panel). JHDM1 knockdown significantly 

attenuated ALP activity and matrix mineralization (Figures 6B-D), as well as 

expression of osteoblast differentiation marker (ALP, OCN, and BSP) 

mRNAs (Figure 6E). These results clearly indicate that JHDM1 supports 

osteoblast differentiation.  
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Bone regeneration in rat calvaria is blocked by JHDM1 knockdown  

In addition to bone development, fracture healing also depends on osteoblast 

differentiation. Therefore, the role of JHDM1 in bone regeneration was 

examined by shRNA lentiviral knockdown in rats with surgery-generated 

calvarial defects. Two shRNAs were designed to target rat JHDM1, and the 

efficiency of JHDM1 knockdown was verified in rat fibroblasts by Western 

blotting (Figure 7A). Lentiviruses were delivered in collagen matrices, also 

containing BMP2, placed over the defects. After 8 weeks of recovery, newly 

formed bones were analyzed by reconstructing 3D micro-CT images. JHDM1 

knockdown significantly decreased regenerating bone volume (Figure 7B and 

7C). Histological examination confirmed that tissue formed at defect margins 

was bone (Figure 7D). These in vivo data suggest that JHDM1 is required for 

bone regeneration.  

 

JHDM1 binds to Runx2 and facilitates its transcriptional activity 

The close relationship between the levels of JHDM1 and Runx2 has recently 

been demonstrated in differentiating thymocytes [17] and confirmed here in 

osteoblasts. Therefore, the involvement of JHDM1 in Runx2 signaling was 

examined using osteocalcin promoter (OG2)-luciferase and 6XOSE-luciferase 

(a construct containing 6 Runx2-binding sites) reporters. BMP2 treatment of 

C2C12 cells activated luciferase expression driven by the OG2 promoter, and 

JHDM1 knockdown negated this effect (Figure 8A). JHDM1 knockdown also 

attenuated the 6XOSE and OG2 reporter activation induced by ectopic Runx2 

(Figure 8B). Conversely, ectopic JHDM1 augmented Runx2-stimulated 
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activation of both reporters, and a mutant version with lower activity (H249A) 

[4] did so to a considerably lesser extent (Figure 8C). I next examined the 

interaction between Runx2 and JHDM1 by co-immunoprecipitation, and 

found that Myc-Runx2 bound to Flag-JHDM1 expressed in HEK293T cells 

(Figure 8D). Co-immunoprecipitation using antibodies to the proteins 

themselves confirmed the interaction between the endogenous proteins in 

C2C12 cells treated with BMP2 (Figure 8E). To identify the interacting 

domains, four segments of each protein were co-expressed, and 

immunoprecipitation revealed that the Runt domain (R2) of Runx2 interacts 

with JHDM1 and the JmjC domain (P2) of JHDM1 interacts with Runx2 

(Figures 8F and 8G).  

 

JHDM1 promotes DNA binding of Runx2 by directly demethylating 

Runx2  

Given that the Runt domain participates in DNA binding and the JmjC domain 

catalyzes demethylation, the relationship between these domains was 

expected to affect Runx2 signaling. Therefore, whether Runx2 binds the OCN 

promoter was examined by chromatin immunoprecipitation (ChIP). Figure 9A 

shows the locations of Runx2 binding sites within the OCN gene and the 

target sites of real-time PCR for ChIP. JHDM1 knock-down was verified in 

the C2C12 stable cell lines possessing the JHDM1-targeting shRNA using 

Western blotting (Figure 9B). As shown in Figures 2 and 3, Runx2 was fully 

induced within 3 days of BMP2 stimulation, while OCN expression started 

after day 12. To understand the time gap between Runx2 activation and the 
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OCN expression, I examined the Runx2 binding to the OCN promoter on days 

3 and 12 after BMP2 treatment. As expected, ChIP analyses showed that the 

binding of Runx2 to both target elements was stimulated by BMP2 at both 

time points. Interestingly, Runx2 binding to the OCN promoter increased on 

day 12 compared with that on day 3 (Figure 9C), suggesting that the 

chromatin context of the Runx2 binding site in the OCN gene requires more 

time to become favorable to access. JHDM1 knockdown significantly reduced 

Runx2 binding at both time points (Figure 9C). Interestingly, JHDM1 was 

also recruited to Runx2 target elements under BMP2 stimulation, which was 

also increased on day 12 (Figure 9D). Because JHDM1 is known to 

demethylate histone 3 (H3), I tested the possibility that JHDM1 regulates 

Runx2-driven transcription by modifying H3. Figure 6E suggests that JHDM1 

reverses dimethylation at H3K9 and H3K27. Given that JHDM1’s 

demethylation of H3K9 is well established [1], I examined the methylation 

state of H3K9 in stable C2C12 cells with or without BMP2 treatment. 

H3K9me2 levels on Runx2 target segments were enhanced in BMP2-treated 

control cells. Unexpectedly, H3K9me2 levels under BMP2 stimulation were 

changed little by JHDM1 knockdown (Figure 9F). This result encouraged us 

to explore a new potential role of JHDM1 as a post-translational modifier of 

Runx2. When JHDM1 was knocked down, lysyl methylation of Runx2 

increased sharply in both C2C12 cells and primary osteoblasts (Figure 9G). 

To identify which residue in Runx2 was methylated, Runt peptide (R2 in 

Figure 9F) purified from BMP2-stimulated C2C12 cells was examined by 

liquid chromatography-mass spectrometry (LC-MS) and peptide methylation 
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was confirmed using an anti-methylated lysine antibody (Supplemental Figure 

4A). Based on mass spectra, the Runt peptide was not methylated in the 

presence of JHDM1 (Supplemental Figure 4B), but was dimethylated at K245 

(in mouse Runx2) by JHDM1 knockdown (Figure 10C). Because a BLAST 

search revealed that the dimethylated lysine residue is well conserved among 

vertebrate species (Figure 9H), I examined whether K245 was the target of 

JHDM1 by examining the methylation of a K245A-mutated Runt peptide 

expressed in C2C12 cells. The mutated peptide was methylated less than the 

wild-type (Figure 9I), but methylation was not eliminated, suggesting the 

presence of another methylated residue in Runx2. Nonetheless, the K245A 

mutation was sufficient to attenuate JHDM1-induced activation of Runx2 in 

both 6XOSE and OG2 reporters (Figure 11). Theoretically, as it cannot be 

methylated, the K245-mutated Runx2 is expected to be constitutively active, 

but the K245A mutant was not. Because the structure of alanine is quite 

different from that of lysine, the K-to-A mutation seems to decrease the 

functionality of Runx2. Therefore, I next substituted K245 with arginine, 

which can minimize the conformational change of Runx2 because arginine of 

amino acids is most similar to lysine. As expected, compared with wild-type 

Runx2, the K245R-mutated Runx2 showed higher transcriptional activity that 

was no longer regulated by JHDM1 (Figure 9J). Also, the mutant form bound 

more strongly to the OCN promoter than the wild-type (Figure 9K). These 

results indicate that JHDM1-induced demethylation of K245 is a critical step 

in Runx2-driven transcription.  
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SUV39H1 methylates Runx2 

Because SET domain-containing histone lysine methyltransferase (SET-

HKMT) enzymes are known to target non-histone proteins as well as histones 

[18-20], whether SET-HKMT family members bind and methylate Runx2 was 

addressed. G9a and SUV39H1 were examined first as candidate Runx2 

methyltransferases. Immunoprecipitation showed that Myc-Runx2 co-

precipitated with Flag-SUV39H1, but did not with Flag-G9a (Figure 12A). 

After verifying the method by Western blotting for CBFβ in Runx2 

immunoprecipitates, the interaction between endogenous Runx2 and 

SUV39H1 was confirmed in C2C12 cells. Interestingly, the Runx2-SUV39H1 

interaction was weakened under BMP2 stimulation (Figure 12B). To 

determine whether SUV39H1 and JHDM1 counterbalance the methylation of 

Runx2, I examined methylation of a recombinant Runt peptide in vitro. 

Incubation with SUV39H1 and the methyl donor SAM led to peptide 

methylation, which was reversed by JHDM1 (Figure 12C). SUV39H1-

mediated methylation was then confirmed at the cellular level; expression of 

SUV39H1 induced lysyl methylation of the Runt peptide, which was reversed 

by co-expression of JHDM1, while the methylation level of the peptide with 

K245R mutation can barely be enhanced upon SUV39H1 overexpression 

(Figure 12D). I next tested the possibility that K245R mutation affects 

recruitment of JHDM1 or SUV39H1 by Runx2, and found that this mutation 

enhances Runx2 binding to SUV39H1, but not to JHDM1 (Figure 14). The 

methyltransferase SUV39H1 may have higher affinity for the constantly 

demethylated substrate K245R Runx2 than for the methylated product Runx2. 
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These results suggest that the lysyl methylation of Runx2 is counterbalanced 

by SUV39H1 and JHDM1. 

 

SUV39H1 delays osteoblast differentiation by inhibiting Runx2-driven 

transcription 

To understand the functional consequence of SUV39H1-induced methylation 

of Runx2, I knocked down SUV39H1 in C2C12 cells treated with BMP2 to 

induce osteoblast differentiation. ALP activation, matrix mineralization, and 

the expressions of ALP, OCN and BSP were facilitated (Figures 13A and 13B), 

and Runx2 activity—as assessed by OG2 reporter expression—was enhanced 

(Figure 13C). Moreover, SUV39H1 expression inactivated Runx2, and 

JHDM1 co-expression recovered its activity. More importantly, K245R Runx2 

was fully activated regardless of SUV39H1 or JHDM1 expression (Figure 

13D). ChIP analyses showed that Runx2 binding to the OCN promoter was 

negatively regulated by SUV39H1 (Figures 13E and 13F) and that SUV39H1 

was recruited to the OCN promoter (Figures 15A and 15B). SUV39H1 was 

also found to induce dimethylation of H3K9 under BMP2 stimulation 

(Figures 15C and 15D). These results suggest that SUV39H1 controls Runx2-

driven transcription both by inhibiting Runx2 binding to DNA and by 

methylating H3K9 around Runx2 target elements. Taken together, the above 

findings imply that SUV39H1 and JHDM1 reciprocally determine the lysyl 

methylation of Runx2 and thus balance osteoblast differentiation, as 

summarized in Figure 8G. 
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Figure 1. JHDM1 facilitated bone development in mice. (A) Bones and 

cartilages of Flag-JHDM1-t/g mice and their littermates on postnatal day 1 

(P1) were stained with Alizarin Red (red color) and Alcian Blue (blue color), 

respectively. The left panel shows the representative results for whole 

skeletons, and the right panel shows calvaria (a), forelimbs (b), and hindlimbs 
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(c). (B) The expression of transgenic Flag-JHDM1 in mouse calvarias on P1 

was checked by immunoblotting with anti-JHDM1 or anti-Flag antibody (left 

panel), by immunohistochemistry with anti-Flag antibody (middle panel), and 

by immunofluorescence with an anti-JHDM1 antibody (right panel). The 

densities of JHDM1 and β-tubulin blots were quantified using the ImageJ 

program and the JHDM1/tubulin ratios are presented below the JHDM1 blot. 

An arrow indicates a Flag-JHDM1-expressing osteoblast in the periosteum. (C) 

The left panel shows the micro-CT images of bodies (top) and calvarias 

(bottom) of JHDM1-t/g mice and their littermates on P1. Based on micro-CT 

images, calvarial bone areas and densities were analyzed using the 

ImageJ1.36b software (NIH: Maryland, MD) and plotted in the right panels. 

Horizontal bars represent mean values, and * denotes p <0.05 for indicated 

groups. (D) Bone formation in JHDM1-t/g mice and their littermates (WT) on 

postnatal day 1 (P1) was detected by double labeling with Calcein (green) and 

Alizarin (red). The area of Alizarin-labeled tissue, which indicates bone 

formed newly for two days before birth, was analyzed using ImageJ and 

plotted in the bottom panel. The bars indicate the mean + SD (n = 3) and * 

denotes P < 0.05. (E) In calvarias of mice on P1, mineralization, OCN 

expression and histology were analyzed by Von Kossa staining, 

immunofluorescence with anti-OCN antibody and H&E staining, respectively. 

(F) The mRNA levels of the osteogenic genes (ALP, OCN and BSP) and 

JHDM1 in calvarias were analyzed by RT-qPCR and were normalized to 18S 

RNA levels. Each bar represents the mean ± SD (n = 4) and * denotes P < 

0.05. 
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Figure 2. Based on micro-CT images, length of tibia,femur, radius humerus 

and vertabra in JHDM1-t/g mice and their littermates on P1 was analyzed 

using the software Amira version 5.4.1. Horizontal bars represent mean values. 
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Figure 3. (A) Representative gross appearances of 3 months old JHDM1-t/g 

and wild-type mice. (B) The expression of Flag-JHDM1 in calvarias of 3 

months old mice was detected by immunohistochemistry with anti-Flag 

antibody. An arrow indicates a Flag-JHDM1 expressing cell. (C) Micro-CT 

images of mice (D) Based on micro-CT images, the lengths of tibia, femur, 

radius humerus, and vertabra were analyzed using the software Amira version 

5.4.1. Horizontal bars represent mean values. 
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Figure 4. Cavarial cells from JHDM1-t/g mice differentiated toward 

osteoblasts earlier than those from their wild-type littermates. Calvarial 

cells from wild-type and JHDM1-t/g mice were cultured and incubated in an 

osteogenic medium containing BMP2 for the indicated times. (A) JHDM1 and 

Runx2 levels were determined by immunoblotting. (B) Immunfluorescence 

analyses for JHDM1 and Runx2 localization were performed in wild-type 
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calvarial cells on differentiation day 1. (C, D) Osteoblast differentiation was 

monitored by staining ALP and by measuring its activity. (E) Calvarial cells 

undergoing differentiation were stained with Alizarin to monitor 

mineralization. (F) The expressions of osteogenic genes (ALP, OCN, and BSP) 

were analyzed by RT-qPCR and were normalized to 18S RNA levels. The 

results (means ± SDs, n=3) were presented as the relative values to those on 

day 0, and * denotes P < 0.05 versus the wild-type value on the corresponding 

day. 
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Fig 5. C2C12 cells, which had been transfected with Flag vector or Flag-

JHDM1, were treated with BMP2 for indicated time. JHDM1 and Runx2 

expressions were checked by immunoblotting (A). Osteoblast differentiation 

was evaluated by staining ALP (B) or by measuring ALP activity (C) 
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Figure 6. JHDM1 was required for osteoblast differentiation. (A) 

Temporal changes in Runx2 and JHDM1 levels were analyzed by 

immunoblotting in C2C12 cells treated with 100 ng/ml of BMP2. (B, C) 

C2C12 stable cell lines expressing non-targeting (Sh-Con) or JHDM1-

targeting (Sh-JHDM1) shRNA were incubated with BMP2 for the indicated 

times. C2C12 differentiation toward osteoblasts was monitored by staining 

ALP and by measuring its activity. (D) C2C12 cells under BMP2-induced 

differentiation were stained with Alizarin. (E) The expressions of osteogenic 

genes were analyzed by RT-qPCR. Each point represents the mean ± SD (n = 

3) of relative values to day 0 and. * denotes P < 0.05 versus the wild-type 

value. 
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Figure 7. JHDM1 was essential for bone regeneration in calvaria of adult 

rats. A part of rat calvarial bone was removed, and the defect was covered for 

8 weeks with a collagen sponge containing 2 mg of BMP2 and 5x109 of 

shRNA lentivirus. (A) The efficiencies of two shRNAs on JHDM1 expression 

were verified by infecting rat fibroblasts with shRNAs and by immublotting 

JHDM1. (B) A 3D micro-CT analysis was conducted to visualize and quantify 

bone regeneration. Yellow zones represent the new bone growing from defect 
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margins. (C) The volume of the new bone was evaluated by 3D micro-CT 

images and plotted as individual points. Horizontal bars represent mean 

values (Sh-Con, n=8; Sh-JHDM1_I, n=8; Sh-JHDM1_II, n=7). (D) Calvarial 

sections were stained with H&E. Scale bars are 800 µm in the left column and 

100 µm in the right column. 
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Figure 8. JHDM1 interacted with Runx2 to activate Runx2. (A) C2C12 

stable cell lines expressing control (Sh-Con) or JHDM1-targeting (Sh-JHDM1) 

shRNA were transfected with the OG2 promoter-luciferase reporter and β-gal 

plasmids and treated with 50 ng/ml of BMP2 for 24 hours. Bars represent the 

means + SDs (n = 4) for relative luciferase activity. * denotes P < 0.05 for 

indicated groups. (B) C2C12 stable cell lines were co-transfected with Myc-

４２ 

 



Runx2, luciferase reporter, and β-gal plasmid, and incubated for 48 hours. 

Bars represent the means + SDs (n = 4). (C) C2C12 cells were co-transfected 

with Myc-Runx2, Flag vector, Flag-JHDM1, Flag-JHDM1 (H249A), 6xOSE-

luciferase, OG2 promoter-luciferase, and β-gal plasmids in indicated 

combinations. Results (luciferase/β-gal) are presented as the relative values to 

the BMP2/Sh-Con group. Bars represent the means + SDs (n = 4). (D) 

HEK293T cells were co-transfected with Myc-Runx2 and Flag-JHDM1 

plasmids. Cell extracts were immunoprecipitated with an anti-Myc antibody, 

and coprecipitated Flag-JHDM1 was identified using anti-Flag. (E) After 

C2C12 cells were stimulated with BMP2 for 24 hours, endogenous Runx2 or 

JHDM1 was precipitated with anti-Runx2 or anti-JHDM1, and coprecipitated 

proteins were immunoblotted. (F) The top panel shows a schematic diagram 

of Runx2. HEK293T cells were co-transfected with Flag-JHDM1 and one of 

four plasmids for Flag/SBP-Runx2 fragments. Runx2 fragments were pulled 

down using streptavidin beads, and precipitated proteins were immunoblotted. 

AD1-3, transactivation domain 1-3; NLS, nucleus localization signal; NMTS, 

nuclear matrix-targeting signal; RD, repression domain; QA, polyglutamine 

and polyalanine domain; PST, proline/serine/ threonine-rich domain. (G) The 

top panel shows a schematic diagram of JHDM1. HEK293T cells, which had 

been co-transfected with Myc-Runx2 and one of four F/S-JHDM1 fragments, 

were subjected to streptavidin pull-down, and precipitated proteins were 

immunoblotted. 
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Figure 9. JHDM1 demethylated Runx2 and promoted the binding of 

Runx2 to DNA. (A) A schematic representation of the OCN promoter and 

segments amplified by PCR. (B) C2C12 stable cell lines were incubated with 

BMP2 for 12 days, and JHDM1 was immunoblotted. (C, D) Chromatin 
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immunoprecipitation (ChIP) for the binding of Runx2 or JHDM1 to the OCN 

promoter. C2C12 stable cell lines were incubated with BMP2 for 12 days. 

Chromatin was cross-linked and immunoprecipitated using anti-Runx2 or 

anti-JHDM1. Precipitated DNAs were amplified and quantified by real-time 

PCR. The results (means + SDs, n = 3 or more) are expressed as percentages 

of the input level. (E) The levels of dimethylated H3K4, H3K9, H3K27, 

H3K36, and H3 were analyzed by immunoblotting in C2C12 stable cell lines. 

(F) ChIP was performed six times with anti-H3K9me2 antibody in C2C12 

stable cell lines. * and n.s. denote P < 0.05 and non-significant, respectively. 

(G) C2C12 stable cell lines or primary osteoblasts, which had been transfected 

with JHDM1-targeting siRNA, were treated with BMP2 for 24 hours. Lysyl-

methylated Runx2 was precipitated using anti-methylated lysine (Lys-me), 

and precipitated Runx2 was immunoblotted. (H) Comparisons of Runx2 

sequences among human, mouse, dolphin, and bat. (I) C2C12 stable cell lines 

transfected with the F/S-R2 or F/S-R2 (K245A) plasmid were subjected to 

immunoprecipitation with anti-Lys-me, and precipitated F/S-R2 peptides were 

immunoblotted. (J) C2C12 cells were co-transfected with Myc-Runx2 (or its 

K245R mutant), OG2 promoter-luciferase, Flag-JHDM1, and β-gal plasmids. 

The results indicate the means + SDs (n = 4). (K) ChIP was performed to 

identify the binding of Myc-Runx2 and Myc-Runx2(K245R) to the OCN 

promoter. Transfected C2C12 cells were incubated with BMP2 for 48 hours. 

ChIP was done with anti-Myc, and precipitated DNAs were analyzed by real-

time PCR. The results (means + SDs, n = 3) are expressed as percentages of 

the input level. * denotes P < 0.05.  
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Figure 10. C2C12 stable cells expressing Sh-Con or Sh-JHDM1 shRNA were 

further transfected with F/S-R2. Lysine metylation of R2 was detected by 

immunoprecipiattion with anti-Lys-me antibody and immunoblotting with 

anti-Flag antibody (A). After two cell lines were lysed, F/S-R2 peptides from 

the lysates were purified by two-step affinity chromatography using 

streptavidin-affinity and Flag-affinity beads. The R2 peptide was separated by 

SDS-PAGE, and subjected to in-gel digestion. The LC-Mass spectra revealed 

that R2 peptide is demethylated (B) or di-methylated (2CH3) at Lys245 (C). 
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Figure 11. C2C12 cells were co-transfected with Myc-Runx2 (or its K245A 

mutant), 6xOSE or OG2 promoter luciferase, Flag-JHDM1, and beta-gal 

plasmids. Protein levels were analyzed with immunoblotting (bottom panel). 

Results (luciferase/beta-gal) are presented as the relative values to the vector 

control. Bars represent the means + SDs (n = 4). *, P < 0.05; n.s., P > 0.05. 
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Figure 12. SUV39H1 induced the methylation at Lys245 of Runx2. (A) 

HEK293T cells were co-transfected with Myc-Runx2 and Flag-SUV39H1 or 

Flag-G9a plasmids. Cells were subjected to immunoprecipitation with anti-

Myc or anti-Flag, and coprecipitated proteins were immunoblotted. Specific 

signals for precipitated proteins are asterisked. (B) The differentiation of 

C2C12 cells was induced by being treated with BMP2 for 24 hours. Cells 

were subjected to immunoprecipitation with anti-SUV39H1, and 
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coprecipitated proteins were immunoblotted. (C) Recombinant GST-Rx2 

peptide was incubated with S-adenosylmethionin (SAM), Flag-SUV39H1 

and/or Flag-SBP-JHDM1 peptide at 4oC or 37oC for 60 minutes. The 

methylation of GST-RX2 peptide was detected using anti-methylated lysine 

antibody (upper panel), and proteins in the reaction mixtures were 

immunoblotted (bottom panel). (D) HEK293T cells were co-transfected as 

indicated and subjected to immunoprecipitation with an anti-Lys-me antibody. 

Precipitated F/S-R2 or K245A mutants were identified using anti-Flag. 
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Figure 13. SUV39H1 negatively regulated osteoblast differentiation. (A) 

C2C12 cells were transfected with the indicated siRNAs and incubated with 

BMP2. The SUV39H1 knock-down was verified by immunoblotting (top 

panel). Osteoblast differentiation was monitored by staining ALP (middle 

panel) and by staining Alizarin (bottom panel) for the indicated times. (B) The 
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expressions of the osteogenic genes were analyzed by RT-qPCR and presented 

as relative values to the day-0 level. Each point represents the mean ± SD (n = 

3). * denotes P < 0.05 vs. the wild-type value on the corresponding day. (C) 

C2C12 cells were transfected with OG2 promoter-luciferase, β-gal, the 

indicated siRNAs, and/or Myc-Runx2 plasmid. Each bar represents the mean 

+ SD (n = 4) for luciferase activity. (D) C2C12 cells, which had been 

transfected as indicated, were incubated with BMP2 for 24 hours. Each bar 

represents the mean + SD (n = 4), * and n.s. denote P < 0.05 and > 0.05, 

respectively (top panel). The protein levels were immunoblotted (bottom 

panel). (E-F) C2C12 cells were transfected with SUV39H1 plasmid or siRNA, 

and incubated with BMP2 for 2 days. ChIP with anti-Runx2 was performed to 

identify the binding of Runx2 to the OCN promoter. Precipitated DNA 

segments were quantified by real-time PCR. The results (mean + SD, n = 3) 

are expressed as percentages of the input level.  
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Figure 14. C2C12 cells were transfected with Myc-Runx2 (or its K245R 

mutant) and Flag-JHDM1 (A) or Flag-SUV39H1 (B) plasmids. Cell extracts 

were immunoprecipitated with anti-Myc beads, and coprecipitated Flag-

JHDM1 or Flag-SUV39H1 was iimmunoblotted. 
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Figure 15. C2C12 cells were transfected with SUV39H1 plamsid or siRNA, 

and treated with BMP2 for 2 days. (A, B) ChIP was performed to identify the 

binding of Flag-SUV39H1 or endogenous SUV39H1 to the OCN promoter. 

Precipitated DNA segments were quantified by RT-qPCR. (C, D) ChIP was 

done three times with anti-H3K9me2 antibody. The results (means + SDs, n = 

3) are expressed as percentages of the input level. 
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Figure 16. The proposed mechanism underlying Runx2 regulation via lysine 

methylation. SUV39H1 inhibits the transcriptional activity of Runx2 by 

methylating Runx2 at Lys 245 [off]. Conversely, JHDM1 activates Runx2 by 

removing the methyl group from Runx2 [on]. JHDM1 and SUV39H1 

counterbalance osteoblast differentiation by reciprocally regulating Runx2. 
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Discussion 

These results represent the first evidence that the lysine demethylase JHDM1 

plays an essential role in bone formation. In comparison to their wild-type 

littermates, the calvarial and limb bones of JHDM1 transgenic mice 

developed earlier. In addition, JHDM1 knockdown slowed bone regeneration 

in injured rat calvaria. In primary osteoblasts and C2C12 cells, JHDM1 was 

induced along with Runx2 expression during differentiation, and 

differentiation progressed in a JHDM1-dependent manner. Mechanistically, 

the DNA binding and transcriptional activity of Runx2 were inhibited by 

SUV39H1 but were recovered by JHDM1. JHDM1 and SUV39H1 have 

opposing effects on the lysyl methylation of Runx2. SUV39H1 also 

methylated H3K9 surrounding the osteocalcin promoter, whereas JHDM1 did 

not demethylate it. Although SUV39H1 and JHDM1 are generally known as 

epigenetic regulators that modify chromatin structure, they appear to act as 

post-translational regulators for Runx2 in differentiating osteoblasts. 

Functionally, JHDM1 and SUV39H1 counterbalanced osteoblast 

differentiation. The results provide new evidence that JHDM1 and SUV39H1 

are potential therapeutic targets in diseases associated with impaired bone 

development or to facilitate bone regeneration in fracture sites.  

Post-translational modifications (PTMs) consist of covalent bonding of 

inorganic and organic molecules that change the chemical nature and structure 

of amino acids and lead to diversity in the localization, stability, and function 

of proteins. Among many PTMs, Runx2 has been known to be regulated in 

three ways, namely phosphorylation, acetylation, and ubiquitination [21]. 
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Phosphorylation of human Runx2 variant 1 (NM_001024630) at S28, S247 

and S340 by FGF-2 and parathyroid hormone enhances Runx2’s 

transcriptional activity [22, 23]. In contrast, phosphorylation at S118, S369, 

S373, S377, or S465 has been demonstrated to inhibit Runx2-driven 

transcription [9, 24]. In addition, a previous research has demonstrated that 

the p300 coactivator acetylates and activates Runx2 under BMP2 stimulation 

and that mutation of K233, K238, K358, and K359 abolished p300-dependent 

acetylation, suggesting that all or some lysine residues are acetylated [25]. 

Ubiquitination of Runx2 by the ubiquitin E3 ligase Smurf1 induces 

degradation of Runx2 [12]. To the authors’ knowledge, no study has 

demonstrated methylation of Runx2 per se. In this regard, the present study is 

the first to suggest that mouse Runx2 is methylated at K245 (K238 in human 

Runx2) and that this methylation is counterbalanced by SUV39H1 and 

JHDM1.  

Our results suggest that lysyl methylation negatively controls the 

transcriptional activity of Runx2. Methylation occurs in the Runt domain, 

which is responsible for the binding of Runx2 to the OCN gene, and the DNA 

binding of Runx2 was attenuated by SUV39H1 but augmented by JHDM1 

(Figures 6C, 6K and 8E). In two reporter analyses, Runx2-driven transcription 

was inhibited by SUV39H1-induced methylation but enhanced by JHDM1-

induced demethylation (Figures 5A-C, 8C-D). Finally, osteoblast 

differentiation and bone formation were facilitated when Runx2 was 

demethylated by JHDM1 (Figures 1-4). Though the structural basis for the 

effect of Runt dimethylation on binding of Runx2 to DNA was not directly 

５７ 

 



investigated, a likely mechanism is interference by the methylation with the 

ability of Runx2 to interact with complicated chromatin.  

SUV39H1 and G9a are SET domain lysine methyltransferases that commonly 

catalyze mono-, di-, and tri-methylation reactions on H3K9. In addition, they 

can transfer the methyl moiety to non-histone substrates. For example, G9a 

has been found to methylate p53, WIZ, CDYL1, ACINUS, and Reptin [19, 20, 

26, 27]. Similarly, Chakraborty et al. [28] have reported that SUV39H1 

interacts with the N-terminus of Runx1 (alternatively called AML1), and 

suggested that SUV39H1 inhibits the transcriptional activity of Runx1 by 

blocking its DNA-binding ability. However, it is still controversial whether 

SUV39H1 directly methylates Runx1 as the methylation level of Runx1 was 

not significantly augmented by SUV39H1 overexpression [28]. In terms of 

protein sequences, human Runx1 (NM_001754) and Runx2 are 56% identical 

with 91% identity within the Runt domains. Here I found that Runx2 was 

methylated and inactivated by SUV39H1. SUV39H1 has been reported to co-

immunoprecipitate with Runx1 and Runx3, but not with Runx2 upon ectopic 

expression in COS7 cells [29]. In contrast, a recent study [30] has 

demonstrated that SUV39H1 and Runx2 are co-precipitated in lung cancer 

cells and recruited together to the BMP-3B promoter (a Runx2 target). Our 

study showed that SUV39H1 binds to Runx2 and regulates Runx2 activity via 

lysyl methylation. These inconsistencies suggest that the interaction between 

SUV39H1 and Runx2 may depend on the cellular context. Our findings 

indicate that differentiating osteoblast permits the interaction.  
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The methylation state and regulation mechanism of H3K9 and Runx2-K245 

are very similar. Both lysine residues can be dimethylated by SUV39H1 and 

demethylated by JHDM1. In addition, there is little difference in the 

functional consequences of lysine methylation. Dimethylation of H3K9 is 

known as a marker of transcriptional repression, and dimethylation of Runx2-

K245 has been found to be related to transcriptional repression of Runx2. If so, 

then SUV39H1 and JHDM1 may participate in Runx2-driven gene expression 

through chromatin remodeling as well as post-translation modification of 

Runx2. Given these relationships, I examined methylation of H3K9 in Runx2-

binding chromatin on the OCN promoter, but observed little change upon 

JHDM1 knockdown (Figure 6F). This suggests that at least for OCN 

transcription, Runx2 activation by JHDM1 is likely more related to Runx2 

demethylation than H3K9 demethylation. In contrast, SUV39H1 may repress 

Runx2-driven transcription via dimethylation of both Runx2-K245 and H3K9 

(Supplemental Figure 7), which raises a question: which histone code is 

responsible for opening chromatin for Runx2-driven transcription? Based on 

our observation that BMP2-induced differentiation increased H3K9me2 

(repressive marker) levels on Runx2 target elements (Figure 6F), I infer that 

chromatin modifications other than H3K9 methylation are likely responsible 

for Runx2 action. Chromatin remodeling on Runx2 target genes remains to be 

studied.  

The Runx2-K245 demethylation by JHDM1 was identified in Mass analysis 

and further confirmed using K245-mutated Runx2. The SUV39H1-induced 

methylation of Runx2 was clearly demonstrated in an in vitro methylation 
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analysis and such an effect of SUV39H1 was abolished by JHDM1 (Fig. 7C). 

This result strongly indicates that SUV39H1 and JHDM1 target the common 

lysine residue. Given that JHDM1 demethylates K245 of Runx2, SUV39H1 

may methylate the K245 residue, which was further evaluated in Fig. 7D. 

Based on these results, I propose that SUV39H1 and JHDM1 counterbalance 

K245 methylation in Runx2. However, if K245 is required for a SUV39H1-

mediated Runx2 methylation process other than K245 methylation, K245-

mutated Runx2 could be less methylated by SUV39H1, as shown in Fig. 7D. 

The precise action of SUV39H1 on Runx2 methylation remains to be clarified.  

As discussed in the introduction, this study is motivated by previous reports 

that mutation of the JHDM1 gene causes dwarfism in mice and that JHDM1 

and Runx2 expression are correlated in differentiating thymocytes. These in 

vivo studies provide strong support for the proposed hypothesis about 

JHDM1-dependent bone formation, and therefore the question of how 

JHDM1 controls Runx2-mediated bone formation was examined. Our 

observation of JHDM1-mediated demethylation and activation of Runx2 

provides a theoretical basis for therapeutics targeting this demethylase for 

bone development disorders or to accelerate fracture healing. 
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국문초록 

서론: Jumonji histone demethylase 1 (JHDM1)은 plant homeodomain 과 

Jumonji 도메인을 가지고 있으며 히스톤 H3K9 의 이중 메틸화를 

탈메틸화 시키는 후성유전조절 인자이다. 반면, Runt-related 

transcription factor 2(Runx2)는 뼈의 발생과 재생에 필수적인 역할을 

하는 전사인자라고 알려져 있다. 이전 연구들에서 JDHM1 유전자가 

변형이 된 마우스에서 왜소증이 나타나고, JHDM1 은 흉선세포가 분화하는 

동안 Runx2 와 연관되어 발현되는 것이 발견되었다. 우리는 JHDM1 이 

Runx2 를 매개하여 뼈의 발생을 조절할 수 있는지 관찰하였다. 

방법 및 결과: JHDM1 이 과발현된 생후 1 일령 마우스에서 뼈의 발생과 

조골세포 분화를 확인한 결과 JHDM1 이 과발현 된 경우 뼈의 발생과 

조골세포의 분화가 촉진되었다. 이와 반대로 JHDM1 의 발현을 

억제시켰을 때는 뼈의 재생성과 조골세포 분화 정도가 모두 지연되었다. 

JHDM1 은 Runx2 를 후성유전자 조절이 아닌 Runx2 내 Runt domain 의 

Lys245 을 demethylation 시켜 Runx2 를 활성화시켰다. 이와 대조적으로 

SUV39H1 은 Runx2 의 Lys245 를  메틸화 시킴으로써 조골세포 분화를 

억제하였다. 

결론 : 본 연구는 SUV39H1 과 JHDM1 이 상호보완적으로 Runx2 를 

메틸화 혹은 탈메틸화를 시켜 조골세포와 뼈의 발생을 조절한다는 것을 

규명하였다. 이는 뼈의 발달에 이상이 있거나 골절유합 지연 환자 등 골 

형성 질환 환자들에서 JHDM1 이 새로운 치료 표적이 될 가능성을 

시사한다. 

------------------------------------- 
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주요어: JHDM1, SUV39H1, Runx2, 라이신 메틸화, 조골세포 분화 

학  번 : 2009-31108 
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PART II: Role of jumonji histone demethylase 1 in 

learning and memory in brain 
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Abstract 

Introduction: Dynamic changes in histone modification play a role in 

regulating the gene expression program linked to memory formation. 

Also, Many PTMs occur on non-histone proteins as well as histones, 

leading to changes in protein-protein interactions, stability, localization, 

and/or enzymatic activities of proteins. However, little is known about 

the role of JHDM1 (Jumonji-containing histone demethylases 1) as 

demethylase of histone or non-histone proteins. Therefore, I 

investigated the physiological role of JHDM1 in learning and memory 

in adult mice.  

Methods: To establish an experimental model allowing the 

investigation of learning and memory, 4-month-old JHDM1 transgenic 

mice and their wild type (WT) littermates were trained in the Morris 

water maze and fear-conditioning paradigm. I further examined 

learning and memory with JHDM1 knockdown transgenic mice by 

Lentivirus-Mediated RNA interfering. I tested the possibility that 

JHDM1 is an epigenetic regulator of target genes. 

Results: I found that JHDM1 transgenic mice have better ability in 

spatial memory formation and contextual fear conditioning compared 

with WT mice. Conversely, when JHDM1 was knocked down in the 

hippocampus, the mice showed impaired function on the hippocampus-
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dependent memory. The association of JHDM1 with the chromatin of 

CREB target genes correlated with improved memory formation.  

Conclusion: Taken together, these results suggest that JHDM1 has an 

important role in memory formation in the hippocampus. Furthermore, 

these findings support the notion that the JHDM1 activation might be a 

suitable therapeutic avenue for neurodegenerative diseases associated 

with learning and memory impairment 

-------------------------------------------------------------------------------------- 

Key words: Jumonji-histone demethylase (JHDM1), learning and 

memory, hippocampus, CREB 

Student Number : 2009-31108 
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Introduction 

Learning is the process by which humans and other animals modify 

their behavior as result of experience or the acquisition of information 

about the environment. Memory is the process by which this 

information is consolidated and retrieved (Johnston et al., 2003). 

Memory can be divided based on its duration into short-term memory 

(minutes to hours) and long-term memory (LTM) (days to years). 

Through a process of consolidation, LTM converts the new labile 

memory trace into a stronger one that is resilient to disruption. The 

formation of LTMs crucially involves gene expression and de novo 

protein synthesis (Davis and Squire, 1984; Hernadez and Abel, 2008; 

McGaugh, 2000). In previous studies, post-translational modifications 

such as phosphorylation, ubiquitination, sumoylation, acetylation, and 

methylation have been shown to modulate the expressions of genes 

associated with LTM formation (Jarcome et al., 2011). Recently, 

chromatin histone modification, as a new mechanism for protein 

synthesis, has been shown to be critical not only to neural 

differentiation and function but also to complicated neuronal processes 

such as learning and memory.  

Multiple intracellular signaling cascades and diverse transcription 

factors have been identified to be responsible for memory consolidation. 

However, given that these molecular events occur transiently in nature, 
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they seem not to adequately support the persistent changes in gene 

expression on LTM. Epigenetic regulation via chromatin remodeling 

may serve as a candidate mechanism allowing the persistent gene 

regulation required for the maintenance and storage of LTMs. Histones 

at the N-termini are modified with different modifiers, including the 

methyl and acetyl moieties. Histone acetylation is mainly associated 

with active gene expression, and it has been implicated in synaptic 

plasticity and learning behavior (Korzus et al., 2004; Kumr et al., 2005; 

Levenson et al., 2004; Vecsey et al., 2007). In addition, it was found 

that pharmacological inhibition of histone deacethylases (HDACs) in 

the hippocampus enhances the consolidation of associative memories in 

rodents (Federman et al., 2009; Fishcher et al., 2007; Levenson et al., 

2004; Stefanko et al., 2009). Likewise, histone methylation can activate 

or repress gene expression depending on the residue in which it occurs. 

For example, methylation of lysines H3K9, H3K27, and H4K20 is 

associated with regions of transcriptionally silenced chromatin, while 

methylation at H3K4, H3K36, and H3K79 is associated with 

transcriptionally active regions (Martin et al., 2005). A potential role for 

histone methylation in memory function has been suggested by animal 

studies showing that mice lacking one allele of the H3K4 HMT 

Mll1/KMT2A or KMT2B in hippocampal display impaired memory 

formation (Gupta et al., 2010; Kerimoglu et al., 2013). Moreover, 
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mutations in the H3K4me3-specific histone demethylase, JARID1C, 

have been identified in patients with mental retardation and autism 

(Adegbola et al., 2008). Give the current data, histone methylation, 

which is balanced by histone methyltransferases (HMTs) and histone 

demethylases (HDMs), is suggested to play a role in memory formation, 

but this concept remains to be clearly proved in a scientific aspect.  

JHDM1 is a member of the Jumonji-C histone demethylase family, and 

it contains a plant homeodomain domain (PHD) and Jumonji-C domain. 

The PHD recognizes methylated lysine residues, and the JmjC 

catalyzes the removal of methyl groups from lysine residues by using 

Fe2+ and 2-oxoglutarate as cofactors (Fortschegger et al., 2011). The 

action of JHDM1 can serve as an H3K9 demethylase upon physical 

interaction with H3K4me3 (Baba et al., 2011; Wen et al., 2010). In 

previous studies, JHDM1 has been found to participate in energy 

homeostasis by activating HNF4 and FXR and to promote 

inflammatory responses by inducing NF- κB (Baba et al., 2011; Stender 

et al., 2012). In addition, JHDM1 has been shown to promote bone 

formation by demethylating and activating Runx2 for osteoblast 

differentiation (Kim et al., 2014) and to induce adipocyte differentiation 

by activating C/EBPα (Okuno et al., 2013) and C/EBPδ (Lee et al., 

2014). Interestingly, JHDM1 is associated with X-linked mental 

retardation and hereditary sensory neuropathy type I (Abidi et al., 2007; 
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Laumonnier et al., 2005; Hasenpusch-Theil et al., 1999; Koivisto et al., 

2007), formal thought disorder (FTD), and schizophrenia (Wang et al., 

2012). However, little is known about the physiological and 

pathological role of JHDM1 in the brain.  

The CREB family includes activating protein 1 (AP1), CCAAT 

enhancer binding protein (C/EBP), Fos, and Jun, all of which contain a 

basic-region leucine zipper (bZIP) domain structural motif at the 

carboxyl (C)-terminus (Alberini et al., 2009). The CREB family also 

includes the CREB, cAMP response element modulator (CREM), and 

activating transcription factor-1 (ATF-1) groups of transcription factors 

(De Cesare et al., 1999; Mayr et al., 2001; Shaywitz et al., 1999). At the 

C-terminus, the CREB members contains a basic region, which allows 

them to bind with a DNA sequence known as the cAMP-responsive 

element (CRE), and a leucine zipper that allows CREB to form homo- 

or heterodimers with other bZIP transcription factors, contributing to 

the repertoire of CREB-mediated regulatory processes (Hai et al., 2001; 

May et al., 2001). At the N-terminus, CREB has a transactivation 

domain consisting of glutamine-rich regions Q1 and Q2/CAD 

(constitutively active domain) separated by a kinase-inducible domain 

(KID). CREB is generally known to be constitutively expressed but 

further activated via posttranslational modifications such as 

phosphorylation. Activation of CREB by the phosphorylation of Ser-
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133 of the KID can be triggered by a variety of signaling processes, 

including an increase in intracellular Ca2+ via activation of voltage- or 

ligand-gated channels such as N-methyl-D-aspartate receptors 

(NMDARs), an increase in cAMP via activation of G protein-coupled 

receptors, or activation of receptor tyrosine kinase by growth factors. 

Thus, CREB has many important functions in the nervous system, 

including neurogenesis and neuronal survival, development, and 

differentiation as well as neuroprotection, axonal outgrowth and 

regeneration, circadian rhythms, addiction, synaptic plasticity, and 

learning and memory formation (Barco et al., 2006; Carlezon et al., 

2005; Dragunow et al., 2004; Mioduszewska et al., 2003; Montminy et 

al., 2004; Persengiev et al., 2003; Silva et al., 1998). CREBα/δ knockout 

mice show significant deficits in spatial and contextual memories, cued 

memory tests (Bourtchuladze et al., 1994; Kida et al., 2002), and 

hippocampal long-term potential (LTP). Conversely, overexpression of 

CREB in flies, mice, and rats results in memory enhancements (Bozon 

et al., 2003; Josselyn et al., 2004; Matynia et al., 2002; Yin et al., 1996). 

C/EBPs comprise a six-member family of structurally homologous 

transcription factors (α, β, γ, δ, ε, and ξ) that regulate tissue-specific 

expression of a diverse array of genes. C/EBP can heterodimerize with 

other members of the C/EBP family, members of different bZIP 

families, or members of other types of transcription factor families, 

７７ 

 



including CREB, Fos, NF- κB, and Myc (Agre et al., 1989; Lekstrom et 

al., 1998). C/EBPs have a major function in differentiation, the 

inflammatory response, liver regeneration, metabolism, synaptic 

plasticity, and memory formation. C/EBPβ and C/EBPδ have critical 

functions during memory formation. Knocking down hippocampal 

C/EBPβ expression via antisense oligonucleotide (β-ODN) disrupts 

memory retention. Knocking down expression of another C/EBP 

isoform, C/EBPδ, produces mice that show selective enhancement of 

contextual fear conditioning but normal water maze memory 

(Taubenfeld et al., 2001). These studies suggest that CREB and C/EBP 

are required for the consolidation of new memories. 

Recently, histone methylation has been implicated in the regulation of 

chromatin structures in memory formation. In addition, the CREB-

C/EBPs pathway is well known to have a critical function in learning 

and memory. Interestingly, recent studies have described multiple roles 

for JHDM1 in associated diseases related to memory impairment and 

physiological interaction with C/EBP, one of the regulators of memory 

formation. These two reports suggest the potential function of JHDM1 

as an activator for memory formation. In Part II, therefore, I 

investigated a role of JHDM1 in memory formation as an epigenetic 

regulator of the CREB-C/EBP pathway. 
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Materials and Methods 

 

Generation of JHDM transgenic mice. 

Transgenic mice were created by injecting the CMV-Flag-PHF2 vector 

into fertilized eggs from C57BL6 mice. Transgenic lines were 

established from 9 founders that were identified via PCR-based 

genotyping, and a transgenic line was used in our experiments. For 

genotyping, genomic DNAs extracted from tail biopsies were amplified 

using transgene-specific PCR primers. Hemizygote males were bred 

with hemizygote females to produce homozygous transgenic, produced 

homozygote, hemizygote transgenic and wild-type littermates. 

Homozygotes cannot be visually distinguished from heterozygotes. To 

identify the homozygous lines, hemizygote male or homozygote male 

were bred with wild type female. If parent male mice were 

homozygotes, all of the offspring were heterozygous transgenic mice. 

All experiments were done in compliance with the guide included in 

the Seoul National University Laboratory Animal Maintenance Manual 

(approve No. SNU-100805-2-2).  

 

The Open Field Test. 

The Open Field Test measures hyperactivity through locomotion and 

anxious behavior. The open field box consisted of a square black box 
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(40cm x 40cm x 30cm), made out of black plexiglass with an outlined 

center area. Each animal was placed in the box for 30 minutes. Total 

distance (locomotor activity), center distance (the distance traveled in 

the center of the area), overall activity in the box (measured with video 

track) was measured as well as the amount of time and distance 

traveled in the center area of the maze (Ethovision XT 8.5, Noldus, 

Nethelands).  

 

Rotarod. 

Mice were placed on a rotating rod (Rotamex-5, Columbus Instruments, 

USA). The rotarod was set at a ratating speed of 1RPM (revolution of 

per minute) with an incremental acceleration of 1RPM every 6sec up to 

a maximum speed of 40 RPM reached in 195sec. A day before each test, 

the motor response in the mice was observed for a period of 2min after 

placing them on the rotating bar. For three consecutive per day, 1 trial 

was performed per day. The maximum duration of was 2min. The time 

that the mice fell off the rod was recorded. Data analysis was 

performed by using two-ANOVA with repeated measures.  

 

Morris water maze test. 

The water maze model was performed in a circular tank (diameter 1.5 

m/depth 60cm) filled with opaque water (40~50cm, 21-23°C). A plat 
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form (10 cm) was submerged below the water’s surface in the center of 

the target quadrant. The swimming path of the mice was recorded by a 

video camera and analysed by Ethovision XT 8.5software (Ethovision 

XT 8.5, Noldus, Nethelands). For each training session, the mice were 

placed into the maze consecutively from three points of the tank. Mice 

were allowed to search for the platform for 90 s. If the mice did not find 

the platform within 90 s, they were gently guided to it. Mice were 

allowed to remain on the platform for 30 s. Three training trials were 

given every day; the latency for each trial was recorded for analysis. 

During the memory test (probe test), the platform was removed from 

the tank, and the mice were allowed to swim in the maze for 60 s. 

 

Fear conditioning test. 

Context-dependent fear conditioning: training consisted of a 280-sec 

exposure of mice to the conditioning box (context) followed by a tone 

shock (18sec) and foot shock (2 s; 0.7mA/sec constant current). The 

memory test was performed 24 h later by re-exposing the mice for 

5 min to the conditioning context. Freezing, defined as a lack of 

movement except for heartbeat and respiration associated with a 

crouching posture, was recorded every 1min (one was unaware of the 

experimental conditions) for 5 min. The number of observations 
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indicating freezing obtained as a mean from both observers was 

expressed as a percentage of the total number of observations. 

Cued-dependent fear conditioning: training consisted of a 280-sec 

exposure of mice to the conditioning box (context), followed by a tone 

and a foot shock (2 s, 0.7 mA/sec constant current). The memory test 

was performed 24 h later by exposing the mice for 3 min to a novel 

context followed by an additional 3-min exposure to a tone. Freezing 

was recorded every 1min (one was unaware of the experimental 

conditions) for 5 min. 

 

Stereotaxic microinjection. 

For gene silencing, control (Sh-Con) or PHF2-targeting shRNA (Sh-

PHF2) was inserted into the pHIV7-GFP vector using AgeI and EcoRI 

enzymes. The viral vector was co-transfected with pMD2-VSVG, 

pRSV-Rev and pMDLg/pRRE helper DNA into HEK293T cells, and 

viral supernatant was collected after 48 to 72 hour culture. Virus 

particle were concentrated using high speed ultracentrifugation at 

25,000 rpm for 90min at 4°C. Male C57BL/6J mice at the age of 4-

months (Orient, Gyeonggki-do, Korea) were pretreated with rompun 

(10mg/kg), anesthetized with zoletil (40mg/kg) and placed in 

stereotaxic frame. Hole were drilled above the CA1 (AP=-2.0mm, 

ML=±2.0mm, DV=2.0mm from bregma). Bilateral microinjections of 
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Lentiviral particle (1.0 l for CA1) wer      

glass micropipettes. I trained mice 2d after surgery in open field test, 

rotarod and water-maze. In fear conditioning experiments mice were 

trained 3d after Lentiviral micro injection.  

 

Immunoblotting and immunoprecipitation.  

Total proteins were separated on 8%, 10% or 12% SDS/polyacrylamide 

gel and transferred to Immobilon-P membranes. The membranes were 

preincubated in 5% nonfat milk for 60 minutes, and then sequentially 

incubated with a primary antibody (diluted 1:250-1:5000 in 5% nonfat 

milk) overnight at 4°C and incubated with a secondary antibody 

conjugated with horseradish peroxidase (diluted 1:5000 in 5% nonfat 

milk) at room temperature for 60 minutes. Primary antibodies against 

PHF2, H3K9me2, 3HK9me3, H3K27me2, H3K36me2, H3 were 

purchased from Cell Signaling (Danvers, MA); anti-CREB, anti-

C/EBPβ, anti-C/EBPδ and anti-β-tubulin antibodies were from Santa 

Cruz biotechnology (Santa Cruz, CA). For immunoprecipitation, cell 

lysates (1mg protein) were incubated with 1 µg of an antibody for 12 

hours and further incubated with 20 L of Protein A/G-sepharose 

beads (GE Healthcare Bio-Sciences, Piscataway, NJ) for 4 h. 

Precipitated immune complexes were eluted in a denaturing SDS 

sample buffer, and then subjected to immunoblotting.  
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RT-qPCR. 

Total RNA was extracted from cultured cells using Trizol reagent 

(Invitrogen). cDNAs were synthesized from 1 µg of total RNAs using 

the cDNA synthesis kit provided by Applied Biological Masterials Inc 

(Richmond, BC). cDNAs were amplified using the ABI StepOneTM 

Real-Time PCR (Applied Biological Masterials Inc). Their levels were 

quantified by calculating Ct (threshold cycle) values and normalized by 

18S RNA levels. The sequences of PCR primers are summarized in 

Table 1.  

 

Immunofluorescence.  

Excised brain tissue were fixed with 3.7% paraformaldehyde and 

embedded in paraffin. Serial sections (4 µm) were cut from each block, 

deparaffinized, rehydrated in a graded alcohol series, and heated in a 

microwave for 15 min in 10 mM sodium citrate (pH 6.0) to retrieve 

antigens. Sections were sequentially incubated with blocking solution 

for 1 h, with anti-JHDM or anti-NeuN antibody overnight at 4°C, and 

Alexa 586-conjugated anti-rabbit or Alexa 488-conjugated secondary 

antibody (Invitrogen, Carlsbad, CA) for 1 h. Stained tissues were 

mounted on glass slides to evaluate signal under a fluorescence 

microscope (Olympus).  
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Chromatin immunoprecipitation (ChIP). 

ChIP was performed with mouse hippocampuses washed with PBS 

solution and stored at -80 before use. Hippocampus tissues were 

chemically cross-linked by the addition of a one-tenth volume of fresh 

11% formaldehyde solution 15min at room temperature, ten 

homogenizer, resuspended, lyed in FA lysis buffer (50 mM HEPES, pH 

7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium 

deoxycholate, 0.1% SDS, and a protease inhibitor cocktail), and 

sonicated to solubilize and shear crosslinked DNA. The lysates were 

spun down and diluted five folds in a chromatin RIPA buffer (50 mM 

Tris, pH 8.0, 150 mM NaCl, 2 mM EDTA, 1% NP-40, 0.5% sodium 

deoxycholate, 0.1% SDS, and a protease inhibitor cocktail). The 

samples were precleaned with protein A/G beads, and 1% of each 

sample was used for the input control. The samples were 

immunoprecipitated with anti-CREB, anti-C/EBPβ, anti-H3K9me2, 

anti-H3K9me3, anti-H3K27me2 or control IgG. The complexs were 

washed with a buffer (20 mM Tris, pH 8.0, 0.1% SDS, 1% Triton X-

100, 2 mM EDTA, and 150 mM NaCl), and eluted with an elution 

buffer (1% SDS, 100 mM NaHCO3). Immunoprecipitated DNAs were 

subjected to PCR amplification using specific primers, whose 

sequences are summarized in Table 1, for CREB binding elements in 

the BDNF gene.  
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Table 1. Nucleotide sequences of RNAs and primers used in experiments. 
 

 

 

 

 

 

 

Purposes Targets Sequences (5’ to 3’) 

shRNAs Non-targeting 

control 

 

 

Mouse PHF2-I 

 

 

Mouse PHF2-II 

 

CTAGCAAAAACGCTGAGTACTTCGAAATG

TCCTCGAGGACATTTCGAAGTACTCAGCG

CC 

 

CTAGCAAAAACGTGGCTATTAAAGTGTTC

TACTCGAGTAGAACACTTTAATAGCCACG

CC 

 

GGCCGGCGTGGCTATTAAAGTGTTCTACT

CGAGTAGAACACTTTAATAGCCACGTTT 

TTG 

 

  Forward primers (5’ to 

3’) 
Reverse primers (5’ 

to 3’) 
RT-qPCR Mouse JHDM 

 

 

Mouse CREB 

 

 

Mouse C/EBP 

 

 

Mouse BDNF 

 

TGCCCGAACTGCGAG 
AAAACCC 
 

TCAGGGTACTACCAT

TC 

 

ATCGACTTCAGCGCC

TACA 

 

ATGGGACTCTGGAG

AGCCTGAA 

 

TTTCACGTCCGGT

GTTGGCCC 

 

TCAGCCGGGTACC

ATTC 

 

GCTTTGTGGTTGC

TGTTGAA 

 

CGCCAGCCAATTC

TCTTTTTGC 

ChIP PCR Proximal BDNF 

promoter  

TGATCATCACTCAC

GACCACG 

CAGCCTCTCTGAG

CCAGTTACG 

 Proximal NR2B 

promoter 

CGCTGCTATTCCTT

C TTG CT 

CCCTCACTCCCA 

CTGCTAAG 
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Results 

 

JHDM1 is prominently expressed in the hippocampus  

I first examined the expression of the JHDM1 protein in the brain, lung, 

liver, and pancreas. The immunoblotting data showed that JHDM1 was 

expressed in significantly higher levels in the brain (Fig. 1A, left panel). 

qPCR analysis also revealed a higher expression of JHDM1 in the brain 

than in other tissues (Fig. 1A, right panel). It is also interesting to note 

that JHDM1 protein expression (Fig. 1B. left panel) and mRNA level 

(Fig. 1B. right panel) were significantly higher in the hippocampus than 

in the olfactory cortex or cerebellum. Next, I examined the localization 

of JHDM1 in the hippocampus. In the adult brain, JHDM1 is 

abundantly expressed in association with NeuN, a marker for neurons 

(Fig. 1C). These data revealed that JHDM1 is widely expressed in the 

hippocampus. 

 

JHDM1 homo mice show no overt phenotype  

To directly evaluate the physiological role of JHDM1, I generated mice 

in which JHDM1 was overexpressed in the whole body. A threefold 

increase in JHDM1 expression was observed in the hippocampus and 

other areas of the brain of homozygous transgenic mice in comparison 

with wild type (WT) mice. I also found that dimethylation of histone 3 
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on Lys 9 (H3K9me2) was slightly decreased in the transgenic 

hippocampus but H3K4me2 and H3K27me2 were not (Fig. 2A). 

However, the overexpression of JHDM1 did not affect brain 

morphology or brain weight (Fig. 2B). Immunofluorescence images for 

JHDM1 further supported the JHDM1overexpression in the 

hippocampus CA1 in the transgenic mice (Fig. 2C). These results verify 

that JHDM1 is properly overexpressed in the hippocampus of 

transgenic mice.  

 

JHDM1-t/g mice do not show abnormal behavior like hyperactivity 

or anxiety 

To evaluate mouse behavior, I performed the open-field behavioral test, 

a well-established paradigm used to study hyperactivity and anxiety. 

The open box consisted of a square black box made of Plexiglas with 

an outlined center area. Each animal was placed in the box for 30 min. 

Overall activity in the box (measured with video track) was measured 

based on the extent of time and distance traveled in the center area of 

the maze. Mice naturally prefer to be near a protective wall rather than 

exposed to danger out in the open, but a competing foraging instinct 

will motivate them to explore. Overstimulated mice spent significantly 

more time in the center and traveled a greater distance within the center 

than normal mice. I found that adult JHDM1-t/g mice indicated no 
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significant difference in locomotor activity (Fig. 3A, left panel), no 

change in time spent in the center (Fig. 3A, middle panel), and no 

difference in number of entries into the center (Fig. 3A, right panel). 

Figure 3B represents the path trace during 5-min periods. These data 

did not reveal any significant differences between JHDM1-t/g mice and 

WT mice. Next, I analyzed the role of JHDM1 in motor activity. 

JHDM1-t/g mice showed normal motor activity in the rotarod test (Fig. 

3C).  

 

JHDM1-t/g mice show enhanced spatial memory formation 

To evaluate the integrity of hippocampus-dependent memory formation, 

I performed the Morris water maze test. Interestingly, the escape 

latency significantly increased in JHDM1-t/g mice, compared with that 

in WT mice, during a 7-day training period for the hidden-platform 

model (P=0.02, two-way analysis of variance; Fig. 4A). No differences 

in swimming ability were detected between the two groups (Fig. 4B). A 

probe trial was also performed to quantitatively measure the time spent 

in each quadrant of the swimming pool when the hidden platform was 

removed from the pool. Notably, JHDM1-t/g mice spent significantly 

more time in the target quadrant than WT mice (Fig. 4C). In addition, 

JHDM1-t/g mice showed a markedly increased number of platform 

crossings (Fig. 4D). These results revealed that JHDM1-t/g mouse has a 
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better ability on the spatial learning than WT mouse. Alternatively 

speaking, it is suggested that JHDM1 is involved in spatial learning and 

memory formation. 

 

JHDM1-t/g mice show enhanced long-term contextual fear memory 

Next, I studied LTM function in JHDM1 overexpressing mice and WT 

mice. I tested associative learning using the contextual fear-

conditioning paradigm that critically depends on intact hippocampal 

function. Mice were subjected to the conditioning context followed by 

exposure to an electric foot shock (0.7 mA, 2 sec). The activity during 

the training and the responses to the foot shocks were similar between 

the groups. Freezing behavior, which is indicative of associative 

memory consolidation, was tested 24 h later by re-exposing the animals 

to the conditioning context. JHDM1-t/g mice showed significantly 

increased freezing behavior than WT mice (Fig. 5A). Cued-dependent 

fear training consisted of a 280-sec exposure of mice to the 

conditioning box (context) followed by a tone and a foot shock (2 sec, 

0.7 mA/sec constant current). The memory test was performed 24 h 

later by exposing the mice for 3 min to a novel context followed by an 

additional 3-min exposure to a tone. Subsequently, JHDM1-t/g mice 

also showed significantly increased freezing behavior than WT mice 
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(Fig. 5B). These results strongly suggest that JHDM1 enhances LTM 

formation. 

 

JHDM1 knock-down in the hippocampus alters the histone 

methylation status 

Many studies have demonstrated that the hippocampal CA1 is critical 

for memory formation. As aforementioned, JHDM1 may play a positive 

role in memory formation. I further examined such a role of JHDM1 

using JHDM1 knock-down. To address this issue, I used a viral 

mediated approach to knock down JHDM1 in 4-month-old mice. Lenti-

associated JHDM1 virus particles were injected in the CA1 areas of the 

hippocampi of WT mice. WT mice injected with the non-targeting 

lentiviral particles were used as the control. The arrow indicates the 

regions of microinjection in the brain (Fig. 6A). JHDM1 protein 

expression was reduced by about 75% in the hippocampus injected 

with JHDM1 siRNA. I also found that dimethylation of histone 3 on 

Lys 9 (H3K9me2) and H3K27me2 was increased by JHDM1 knock-

down, but those of H3K4me2 and H3K36me2 were not (Fig. 6B).  

 

JHDM1 knock-down does not produce hyperactivity, anxiety, or 

motor behavior 
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In the open field test, mice were placed in an open field and their 

behavior was observed. Mice injected with JHDM1 knocking-down 

shRNAs showed normal activity in terms of total distance traveled (Fig. 

7A, left panel). In addition, no differences in time spent in the center 

(Fig. 7A, middle panel) or number of times entered into the central 

region (Fig. 7A, right panel) were detected between the two groups. 

Figure 7B represents the path trace during 5-min periods. These data 

revealed no significant differences between the two groups. Moreover, 

the JHDM1 shRNAs did not significantly alter mouse activity on the 

rotarod test (Fig. 7C). These results indicate that JHDM1 knock-down 

in the hippocampus does not affect activity, anxiety, and motor behavior.  

 

JHDM1 knock-down in the hippocampus impairs spatial memory 

formation 

As memory formation was enhanced by JHDM1 overexpression, I 

could expect that JHDM1 suppression disrupt memory formation. To 

test this possibility, I microinjected JHDM1 or control shRNA viral 

particles into the CA1 areas of mice before giving them water maze 

training. The escape latency of the JHDM1 mice significantly 

decreased compared to that of the control mice during a 4-day training 

period for the hidden-platform model (P=0.05, two-way analysis of 

variance; Fig. 8A). No differences in swimming ability were detected 
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between the two groups (Fig. 8B). However, mice injected with 

JHDM1 shRNAs spent significantly less time in the target quadrant 

(Fig. 8C). In addition, JHDM1 knock-down markedly decreased the 

number of platform crossings (Fig. 8D). Thus, JHDM1 appears to be 

essential for hippocampus-dependent memory formation as well as 

working memory.  

 

JHDM1 is required for LTM  

I next examined the role of JHDM1 in LTM for contextual and cued 

fear conditioning. Figure 9A shows that mice injected with JHDM1 

shRNAs froze significantly less than WT mice on the 24-h long-term 

contextual fear memory test (Fig. 9A). In addition, mice injected with 

JHDM1 shRNAs exhibited a significant decrease in freezing time, 

indicating impaired LTM for cued fear. Both groups exhibited similar 

levels of freezing before tone onset (pre-tone) and after tone onset 

(post-tone) with a significant increase in freezing following tone onset 

in both groups (Fig. 9B). Together, these results further support my 

notion that JHDM1 is involved in LTM for contextual and cued fear.  

 

JHDM1 is associated with the CREB-C/EBP pathway 

What is the molecular basis for the critical role of JHDM1 in memory 

formation? To answer this question, I considered the CREB-C/EBP 
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pathway in LTM formation. Previous studies have shown that the 

molecular disruption of CREB and C/EBP isoforms leads to memory 

impairment. To further investigate the role of JHDM1 in the associative 

CREB-C/EBPs pathway, I analyzed the protein levels in WT and 

JHDM1 knock-down hippocampal tissue. These data showed that 

JHDM1, CREB, C/EBPα, C/EBPβ, and C/EBPδ expressed 

significantly lower levels in the hippocampi injected with JHDM1 

shRNAs (Fig. 10A). RT-qPCR analysis also revealed a significant 

downregulation of the JHDM1, CREB, BDNF, C/EBPα, C/EBPβ, and 

C/EBPδ, BDNF and NR2B genes in the hippocampi of JHDM1 

knockdown mice (Fig. 10B). These results suggest that JHDM1 is 

associated with the CREB-C/EBP pathway. JHDM1 has been shown to 

induce adipocyte differentiation by activating via interaction with 

C/EBPα (Okuno et al., 2013) and C/EBPδ (Lee et al., 2014). When I 

evaluated the associated CREB, C/EBPα, C/EBPβ, and C/EBPδ with 

JHDM1 in WT mice hippocampi by co-immunoprecipitation, I 

observed interactions of JHDM1 with CREB, C/EBPβ, and C/EBPδ 

(Fig. 10C). These experiments suggest that JHDM1 preferentially 

associates with the CREB-C/EBP pathway.  

 

JHDM1 binding to the chromatin of CREB target genes correlates 

with increased memory formation 
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CREB- or C/EBP-knockout mice have been reported to have impaired 

memory formation. CREB and C/EBPβ are known to bind to the CREs 

of BDNF promoter and NR2B promoter. The relationship between 

these proteins was expected to affect the CREB-C/EBPβ–BDNF/NR2B 

signaling pathway. To investigate whether JHDM1 modulates the 

pathway, I performed chromatin immunoprecipitation (ChIP). I 

conducted ChIP with an anti-JHDM1 antibody to examine the 

association of JHDM1 with the BDNF promoter and NR2B promoter.  

JHDM1 knock-down was found to suppress CREB and C/EBPβ 

bindings to BDNF and NR2B promoters (Fig. 11B, E). Also, I found 

that levels of H3K9me2 and H3K27me2 were increased in the BDNF 

gene promoter in the JHDM1-knocked-down hippocampal tissues. In 

contrast, the level of methylated H3K9me3 was not affected by JHDM1 

knock-down (Fig. 11C, F). These results suggest that JHDM1 enhances 

memory formation through the epigenetic activation of CREB/C/EBPs-

dependent transcription. 
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Figure 1. JHDM1 is prominently expressed in the hippocampus. (A) The 

expression of JHDM1 in mouse each organ was checked by immunoblotting 

with an anti-JHDM1 antibody (left). The expression of JHDM1 was analyzed 

by quantitative RT-PCR and normalized to 18S RNA levels (right). The bars 

indicate the mean +SD (n=3) * denotes P < 0.05. (B) The expression of 

JHDM1 in mouse each brain regions tissue was checked by immunoblotting 

with an anti-JHDM1 antibody (Left). The expression of JHDM1 was analyzed 

by quantitative RT-PCR and normalized to 18S RNA levels (Right). The bars 

indicate the mean +SD (n=3) * denotes P < 0.05. (C) immunostaining images 

showing the expression of JHDM1 (Red color) and NeuN (Green color) in 

area CA1 of hippocampus from WT type mice. 
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Figure 2. JHDM1 homo mice show no overt phenotype. (A) The 

expression of JHDM1 in mouse hippocampus was checked by 

immunoblotting with an anti-JHDM1 antibody (left panel). Immunoblot 

analysis of histone extraction revealed altered dimethylated H3K4, H3K9, 

H3K9, H3K27, H3K36, and H3 in the hippocampus from WT mice and 

JHDM1 overexpressing mice. (B, C) Representative image showed no 

obvious change in brain weight and morphology in 4-month-old WT type 

mice and JHDM1 overexpressing mice (n=5/group). (D) Immunofluorescence 

analyses for JHDM1 localization were performed in hippocampus of wild-

type mice and JHDM1 overexpressing mice with an anti-JHDM1 antibody 

(Red color).  

９７ 

 



Figure 3. JHDM1 Homozygous mice show normal levels of activity, 

motivation, Anxiety, and motor. JHDM1 overexpressing mice demonstrate 

normal horizontal activity, vertical activity, distance traveled as well as total 

time moving and total movement number in the open field test (30min 

observation; n=11; ns-not significant; error bars show s.e.m.). Mice exhibits 

normal anxiety-related behavior and locomotion as measured by the time 

spent and a total distance covered in the center (30min observation; n=11; ns-

not significant; error bars s.e.m.). (A) Total distance moved. Error bars show 
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s.e.m (Left). Time spent in center. Error bars show s.e.m (middle). Number of 

entries into the center crossing.. Error bars show s.e.m (Right). (B) 

Representative path tracings of the probe test. (5min) (C) The motor 

performance of WT mice (n=11) or JHDM1 overexpressing mice (n=11) 

measured as latency to fall in accelerating using rotarod.. Error bars show 

s.e.m. 
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Figure 4. Overexpression of JHDM1 facilitates spatial learning and 

memory. (A) Escape latencies of JHDM1 homo mice (n=10) and WT mice 

(n=10) were examined with the Morris water maze test. Mice were trained in 

the swimming pool with a hidden platform for 5day, with three trials per 

training day. The latency for mice to reach the platform was quantified (n=10 

for each group). *P < 0.05. Error bars show s.e.m. (B) Swimming speed in the 

water maze pool during probe test (n=10 for each group). (C) Swimming time 

spent in each quadrant in the probe trial on day 7 and 8 (Top panel). 

Representative path tracings of the probe test (Bottom panel). *P < 0.05. Error 

bars show s.e.m. (D) number of annulus crossings during the probe test. *P < 

0.05. Error bars show s.e.m.  
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Figure 5. Mice overexpressing JHDM1 show enhanced long-term 

contextual fear memory. Long-term memory test for JHDM1 overexpressing 

mice in contextual-and tone-dependent fear conditioning paradigms (WT, n=9; 

JHDM1 overexpressing mice, n=9). (A) A measure of contextual memory 

formation, showing the magnitude of context freezing time in the original 

training context 24hr post training without shock. (B) A measure of cue 

memory formation, showing the rest time in novel chamber before and after 

the presentation of the original CS (tone). *P < 0.05. Error bars show s.e.m 
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Figure 6. Mice lacking JHDM1 from CA1 alters histone methylation. (A) 

Microinjection of Lentiviral-JHDM1 particles into CA1 produces GFP 

expression in the CA1. On day 0, mice were given surgery during which 

lentviral particles were microinjected into the CA1. Location of hippocampus 

in wild type mice showing microinjected lenvirial particle into the CA1. (B) 

The expression of JHDM1 in mouse hippocampus was checked by 

immunoblotting with an anti-JHDM1 antibody (left panel). Immunoblot 

analysis of histone extraction revealed altered dimethylated H3K4, H3K9, 

H3K9, H3K27, H3K36, and H3 in the hippocampus from Wild type mice and 

JHDM1 knocking mice (WT, n=7; JHDM1 knocking mice, n=7). *P < 0.05. 

Error bars show s.e.m. 
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Figure 7. Mice lacking JHDM1 mice show normal levels of activity, 

motivation, Anxiety, and motor. JHDM1 knocking mice exhibit normal 

anxiety-related behavior and locomotion as measured by the time spent and a 

total distance covered in the center (30min observation; n=11; ns-not 

significant; error bars s.e.m.). (A) Total distance moved. Error bars show 

s.e.m. Time spent in center. Error bars show s.e.m. Number of entries into the 

center crossing. Error bars show s.e.m. (B) Representative path tracings of the 

probe test. (5min) (C) The motor performance of WT mice (n=11) or JHDM1 

knocking mice (n=11) measured as latency to fall in accelerating using rotarod. 

Error bars show s.e. 
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Figure 8. Disrupting JHDM1 in the hippocampus impaired formation of 

spatial memory. Knockdown of JHDM1 in CA1 using Lenivirus-mediated 

delivery of shRNA (expressing GFP) directed against JHDM1. Mice were 

microinjected with viral particles in the CA1. (A) Escape latencies of Sh-Con 

mice (n=10) and Sh-JHDM1 mice (n=10) were examined with the Morris 

water maze hidden platform test. (B) Velocity during probe test. *P < 0.05. 

Error bars show s.e.m.  (C) number of annulus crossings during the probe 

test. *P < 0.05. Error bars show s.e.m. (D) Swimming time spent in each 

quadrant in the probe trial on day 4 and 5 (Top panel). Representative path 

tracings of the probe test (Bottom panel). *P < 0.05. Error bars show s.e.m. 
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Figure 9. Disrupting JHDM1 show enhanced long-term contextual fear 

memory. Outline of experimental protocol: mice were microinjected with 

Lenti-viral particles and 3day later, trained for tone fear conditioning (one 

tone plus shock pairing, 0.5-Ma shock). Mice were tested for context and cued 

memory 24h (context memory) and 48h (tone fear memory) later, respectively. 

(A) A measure of contextual learning, showing the magnitude of context 

freezing time in the original training context 24hr post training without shock. 

*P < 0.05. Error bars show s.e.m. (B) A measure of cue learning, showing the 

rest time in novel chamber before and after the presentation of the original CS 

(tone). *P < 0.05. Error bars show s.e.m. 

１０５ 

 



 

 

Figure 10. Disrupting JHDM1 mice show suppressed CREB-C/EBP 

pathway. (A) JHDM1, CREB, C/EBPβ and C/EBPδ levels were determined 

by immunoblotting. (B) The expressions of JHDM1, CREB, 

C/EBPβ and  C/EBPδ were analyzed by RT-qPCR and were normalized to 

18S RNA levels. The results (means ± SDs, n=3) were presented as the 

relative values to WT mice, and * denotes P < 0.05 versus the wild-type value. 

(C) Hippocampal lysates of 4-month-old mice of the wild-type mice were 

immunoprecipitated with an anti-CREB antibody, anti- C/EBPα antibody, 

anti- C/EBPβ antibody or anti-C/EBPδ antibody, and coprecipitated JHDM1 

was identified using anti-JHDM1 antibody. 
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Figure 11. Association of JHDM1 with the chromatin of CREB target 

genes is correlated with their activation in memory formation. (A) A 

schematic representation of the BDNF promoter and segments amplified by 

PCR. (B) Chromatin immunoprecipitation (ChIP) experiments showing the 

relative binding of BDNF promoter of the JDHM (Left), CREB (middle) and 
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C/EBPβ (right) in hippocampus from WT type mice or JHDM1 knocking 

down mice. Their chromatin was cross-linked and immunoprecipitated (ChIP) 

using an anti- JHDM1, anti-C/EBPβ antibody or anti- CREB antibody. 

Precipitated DNA segments were amplified and quantified by quantitative RT-

PCR. The results (mean + SD, n = 8) are expressed as percentages of the input 

level. (C) Representative ChIP experiments of H3K9me2 (left), H3K9me3 

(meddle) and H3K27 me2 (right) occupancy at the BDNF promoter in 

hippocampus from WT type mice or JHDM1 knocking down mice (mean + 

SD, n = 8). Error bars represent s.e.m. value of triplicate qPCR of 

representative ChIP assays. The data are presented as percent of input after 

subtracting control IgG values. (D) A schematic representation of the NR2B 

promoter and segments amplified by PCR. (E) Chromatin 

immunoprecipitation (ChIP) experiments showing the relative binding of 

NR2B promoter of the JDHM (Left), CREB (middle) and C/EBPβ (right) in 

hippocampus from WT type mice or JHDM1 knocking down mice. Their 

chromatin was cross-linked and immunoprecipitated (ChIP) using an anti- 

JHDM1, anti-C/EBPβ antibody or anti- CREB antibody. Precipitated DNA 

segments were amplified and quantified by quantitative RT-PCR. The results 

(mean + SD, n = 8) are expressed as percentages of the input level. (F) 

Representative ChIP experiments of H3K9me2 (left), H3K9me3 (meddle) and 

H3K27 me2 (right) occupancy at the NR2B promoter in hippocampus from 

WT type mice or JHDM1 knocking down mice (mean + SD, n = 8). Error bars 

represent s.e.m. value of triplicate qPCR of representative ChIP assays. The 

data are presented as percent of input after subtracting control IgG values. 
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   Discussion 

 

In the studies presented here, I investigated the potential role of 

JHDM1 in memory formation. First, I found that JHDM1-t/g mice 

displayed enhancement of spatial memory formation and contextual 

fear conditioning. Conversely, JHDM1 knock-down in the hippocampal 

CA1 impaired hippocampus-dependent memory function. Second, I 

observed that JHDM1 is associated with the CREB-C/EBP pathway. 

Finally, H3K9 dimethylation was significantly increased in the BDNF 

promoter and NR2B in the JHDM1-knocked-down hippocampus. 

Taken together, these findings reveal that JHDM1 functions to regulate 

the memory formation via the CREB-C/EBP-BDNF/NR2B pathway.  

Dynamic changes in histone modification play a role in regulating the 

gene expression program linked to memory formation. Mice that lack 

one allele of the H3K4 HMT Mll/KMT2A display impaired memory 

formation (Gupta et al., 2010). A recent study also demonstrated a role 

for the H3K4-specific HMT Mll2/KMT2B in memory function. Mice 

that lack KMT2B in the dorsal dentate gyrus of the hippocampal region 

show memory impairment that is linked to the deregulation of learning-

relevant genes (Kerimoglu et al., 2013). A critical role for G9a/KMTC1 

in memory formation is also supported by studies in Drosophila, where 

loss of G9a/KMTC1 impaired memory formation (Kramer et al., 2011). 
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Recent studies linked mutations in JARID1C/KDM5C, an H3K4 

demethylase, to short-term memory deficits in female humans 

(Simensen et al., 2012) and to mental retardation (Rujirabanjerd et al., 

2012). However, the roles of the Jumonji-C histone demethylases in the 

process of LTM formation had not been explored before the current 

studies. Using mouse genetic models, I found that JHDM1 enhances 

spatial memory formation and contextual fear conditioning. 

Interestingly, JHDM1 is associated with X-linked mental retardation 

and hereditary sensory neuropathy type I (Abidi et al., 2007; 

Hasenpusch-Theil et al., 1999; Koivisto et al., 2007; Laumonnier et al., 

2005), FTD, and schizophrenia (Wang et al., 2012). These studies 

support our hypothesis that JHDM1 promotes learning and memory 

formation.  

Numerous studies across species, brain regions, and learning paradigms 

indicate that CREB is critical for memory formation. Memory-

enhancing effects have been found by directly increasing the expression 

of CREB. The CREB-mediated response to extracellular stimuli can be 

modulated by a number of kinases (PKA, CamKII, CamKIV, RSK2, 

MAPK, and PKC) and phosphatases (PP1 and Calcineurin). However, 

CREB is not the whole story. Taubenfeld and colleagues took an 

important first step in this direction by demonstrating a critical role of 

another transcription factor, C/EBPβ, in LTM consolidation. Unlike 
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CREB, the induction of C/EBPβ during LTM formation is itself 

regulated by transcription. Interestingly, at training, a very rapid, 

learning-induced BDNF is determined by persistent activations of 

CREB and C/EBPβ (Dhananjay et al., 2014). CREB and C/EBPβ bind 

to several BDNF promoters and play a key role in the activity-

dependent regulation of BDNF expression (Chiaruttini et al., 2008; 

Hong et al., 2008; Timmusk et al., 1993; Tao et al., 1998). In addition, 

the NR2B gene has a CRE site (-406 to -413), CREB binding site, in 

the 5’ flanking region of NR2B (Klein et al., 1998). The Doogie mouse, 

which overexpresses the NR2B subunit in the adult forebrain, was the 

first widely publicized “smart” mouse. Doogie mice were shown to 

have enhanced performance in several different hippocampal learning 

and memory tasks, including novel-object recognition and spatial 

memory tested with the Morris water maze. In addition, both contextual 

and tone (cued) fear memory and fear extinction were enhanced in 

Doogie mice. I found that CREB and C/EBP levels are significantly 

lower in the JHDM1-knocked-down hippocampus and that JHDM1 

binds to the CREB and C/EBPβ genes. These findings suggest that 

JHDM1 is associated with the CREB-C/EBP pathway.  

Post-translational modification of histones serve as an important 

mechanism for transcriptional regulation during the consolidation of 

LTMs. For example, histone H3K phosphorylation and acetylation in 
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the hippocampus have been shown to be enhanced during LTM 

formation. In addition, HDAC2, than HDAC1, is more enriched at the 

promoters of genes implicated in synaptic remodeling/plasticity or 

regulated by neuronal activity, including BDNF, Egr1, Fos, Cpg15 (also 

known as Nrn1), CamK2a, CREB, NRXN3, and NMDAR subunits 

(Guan et al., 2009). However, the transcriptional regulation of CREB 

via histone methylation in the process of LTM formation has not yet 

been explored. 

Importantly, I observed that the levels of H3K9 and H3K27me2 in the 

BDNF and NR2B gene promoters were increased by JHDM1 knock-

down. These findings provide strong evidence that JHDM1 regulates 

the expression of CREB-dependent genes via demethylation of 

H3K9me2 and H3K27me2. Therefore, the results suggest that JHDM1 

acts as enhancer of memory-related genes.  

However, molecular changes are transient and so, on their own, are 

insufficient to explain LTM (Dudai et al., 2002). It is therefore 

generally believed that structural changes in synaptic morphology, 

occurring either consequent to protein synthesis or in parallel with it, 

are also necessary. Long-term synaptic plasticity contributing to 

learning and memory formation involves a sequence of cellular and 

molecular mechanisms. These include neurotransmitter release of 

synaptic connections, activity-dependent induction of gene expression, 
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chromatin alteration and epigenetic changes in gene expression, local 

protein synthesis at active synapses, and synaptic growth and the 

formation of new synapses (Hawkins et al., 1981; Heisenberg et al., 

1985; Stanly et al., 2011). If so, does the JHDM1 affect synaptic 

plasticity in memory formation? In the present study, I did not study the 

possibility that JHDM1 has a role in synaptic remodeling/plasticity. 

According to previous studies, CREB and BDNF are two genes critical 

for synaptic plasticity and modulating synapse formation (Flavell et al., 

2008; Frank et al., 1994; Kang et al., 1995). Moreover, CREB knockout 

mice showed impaired LTP (Bourtchuladze et al., 1994). The early 

phase (E-LTP), which is believed to occur independently of de novo 

protein synthesis, involves only post-translational mechanisms and it 

disappears within an hour under high-frequency stimulation (HFS). The 

protein synthesis-dependent phase (late or L-LTP) begins as early as 15 

min after HFS and can persist for several hours. It has been proposed 

that this phase models the gene expression-dependent phase of LTM 

consolidation (Frey et al., 1988; Osten et al., 1996; Tsokas et al., 2005). 

Many investigators have confirmed that LTP requires the function of 

CREB, leading to the conclusion that CREB is a critical mediator of 

long-term synaptic plasticity and LTM formation (Barco et al., 2002; 

Bito et al., 1996; Bourtchuladze et al., 2000; Impey et al., 1996; 

Josselyn et al., 2005; Segal et al., 1998). Also, BDNF plays an 
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important role in the late phase of LTP (Bernabeu et al., 1997; Kandel 

et al., 2001). CREB binds to several BDNF promoters and plays a key 

role in the activity-dependent regulation of BDNF expression 

(Chiaruttini et al., 2008; Hong et al., 2008; Tao et al., 1998; Timmusk et 

al., 1993). Moreover, the critical role of NMDARs in synaptic plasticity 

and memory has been extensively researched with genetic and 

pharmacological manipulations (Kiyama et al., 1998; Matynia et al., 

2002; McHugh et al., 2007; Morris et al., 1986; Nakazawa et al., 2002; 

Nakazawa et al., 2003; Sakimura et al., 1995; Tsien et al., 1996). The 

prolonged NMDAR currents resulting from the overexpression of 

NR2B led to the enhancement of hippocampal CA1 LTP. Future work 

will aim to determine whether JHDM1 regulates synaptic 

remodeling/plasticity.  

In summary, My findings suggest that demethylation of H3K9me2 and 

H3k27me2 by JHDM1 is a critical step in the transcriptional regulation 

of learning and memory formation-related genes, such as CREB and 

C/EBPs. Taken together, JHDM1, as a major target for facilitating 

learning and memory, may provide an approach for the treatment of 

neurodegenerative diseases associated with learning and memory 

impairment. 
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국문초록 

서론: 학습과 기억능력을 위해서는 다양한 유전자 발현과 새로운 단백질의 

합성이 필요하다. 최근 들어 전사인자의 유전자 발현 조절에 관한 연구들 

중 염색질 재조립 과정의 중요성이 대두되고 있다. 지금까지 학습과 

기억능력에서 후성유전학적 연구로는 히스톤 아세틸화에 대한 연구가 많이 

알려졌지만 히스톤 탈메틸화에 의한 학습과 기억능력 조절은 보고된 바가 

거의 없다. 본 연구에서는 아직 기능이 잘 알려지지 않은 히스톤 탈메틸화 

효소인 JHDM 가 학습과 기억능력을 조절할 수 있는지 확인하고자 한다. 

방법: 학습과 기억 행동실험을 JHDM homozygote t/g 마우스를 

사용하였으며, JHDM1 발현 억제 모델을 위해 stereotaxic 수술을 통해 

Lentivial virus 를 CA1 에 microinjection 하였다. 마우스의 불안감과 

운동능력 측정을 위해 Open field test, rotarod, elevated plus maze 를 

수행하였으며, 학습과 기억능력 측정을 위해 Morris water maze test, 

fear conditioning test 를 수행하였다.  ChIP 를 통해 BDNF promoter 에 

JHDM, CREB, H3K9me2, H3K927me 의 결합을  조사하였다. 

결과: JHDM1 t/g 에서 JHDM1 는 hippocampus 에서 특히 많이 발현되어 

있으며 hyperactivity, 불안감, 운동능력은 정상마우스와 차이가 없었지만, 

공간 학습기억능력이 증가함을 morris water maze 를 통해 확인하였다. 

반대로 Hippocampus 의 CA1 위치에서 JHDM 를 knockdown 시켰을 때 

hyperactivity, 불안감, 운동능력은 정상마우스와 차이가 없었지만 학습 

기억능력은 떨어졌다. 또한 행동실험 후 JHDM1 t/g 마우스의 

hippocampus 에서 H3K9me2 와 H3K27me2 가 정상마우스보다 

감소하였다. 공포조건화 실험에서 JHDM1 t/g 마우스 경우 배경조건에 
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대한 경직반응이 증가하였고, 반대로 JHDM1 를 억제시켰을 때는 

경직반응이 증가하였다. 하지만 전기충격에 따른 소리 공포 조건화 

학습에는 JHDM1 t/g 마우스와 JHDM1 knock-down 마우스는 모두 정상 

마우스들과 차이를 보이지 않았다. 또한 또한 행동실험 후 JHDM t/g 

마우스의 hippocampus 에서 H3K9me2 와 H3K27me2 수준이 증가하였다.  

결론: 히스톤 탈메틸화 효소인 JHDM1 는 hippocampus 의존적인 

기억능력을 증가시키는데 중요한 역할을 한다. JHDM 은 히스톤의 

탈메틸화 과정을 통해 CREB 의 target 유전자 발현을 조절하여 학습 

기억능력을 촉진시킨다. 본 연구는 JHDM1 의 학습과 기억 조절 기전을 

통해 기억장애를 동반한 뇌신경 질환의 치료 방법을 모색하는데 도움이 될 

것으로 기대한다. 

------------------------------------- 

주요어: Jumonji-histone demethylase (JHDM), 학습 기억, 해마, CREB 

학  번 : 2009-31108 
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Conclusion 
 
The work presented in this thesis investigates “The novel role histone 

demethylase JHDM 1 in bone and brain”. 

 

In Part I, I studied the first evidence that the lysine demethylase JHDM1 

plays an essential role in bone formation. In comparison to their wild-type 

littermates, the calvarial and limb bones of JHDM1 transgenic mice 

developed earlier. In addition, JHDM1 knockdown slowed bone regeneration 

in injured rat calvaria. In primary osteoblasts and C2C12 cells, JHDM1 was 

induced along with Runx2 expression during differentiation, and 

differentiation progressed in a JHDM1-dependent manner. Mechanistically, 

the DNA binding and transcriptional activity of Runx2 were inhibited by 

SUV39H1 but were recovered by JHDM1. JHDM1 and SUV39H1 have 

opposing effects on the lysyl methylation of Runx2. SUV39H1 also 

methylated H3K9 surrounding the osteocalcin promoter, whereas JHDM1 did 

not demethylate it. Although SUV39H1 and JHDM1 are generally known as 

epigenetic regulators that modify chromatin structure, they appear to act as 

post-translational regulators for Runx2 in differentiating osteoblasts. 

Functionally, JHDM1 and SUV39H1 counterbalanced osteoblast 

differentiation. The results provide new evidence that JHDM1 and SUV39H1 

are potential therapeutic targets in diseases associated with impaired bone 

development or to facilitate bone regeneration in fracture sites.  

The schematic diagram illustrates the summary of the present study in Part I 
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In Part II, I investigated the potential role of JHDM1 in memory formation 

and established several findings. First, I found that JHDM1 overexpressing 

mice displayed enhancement of spatial memory formation and contextual fear 

conditioning relative to WT mice. Conversely, disrupting JHDM1 in the CA1 

of the hippocampus impaired hippocampus-dependent memory function. 

Second, I observed that JHDM1 is associated with the CREB-C/EBP pathway. 

Finally, H3K9 dimethylation was significantly increased in the BDNF 

promoter and NR2B in the hippocampi of JHDM1 gene-disrupted mice. 

Together, these findings reveal a novel function of JHDM1 in which 

transcriptional regulation of CREB-C/EBP-BDNF/NR2B, mediated by 

histone methylation, is critical for proper memory formation. 

 

The schematic diagram illustrates the summary of the present study in Part II 
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