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General introduction 

To maintain elderly people's health and quality of life, the musculoskeletal system 

is a key organ, which provides support and movement of the body. The musculoskeletal

system is composed of the skeleton, muscle, joints, tendons and ligaments. The bone 

loss and the bone fragility lead to future risk of bone fractures, which are associated with 

increased morbidity and mortality. Thus maintenance of bone health is indispensable for 

QOL and health of elderly people. 

The bone disorders and diseases are often caused by imbalance of bone resorption 

and bone formation. In bone formation, osteoblasts play major roles during both 

development and adulthood. Osteoblasts produce bone-specific proteins, which are 

required for accumulation of calcium phosphates at skeleton1). Osteoblasts are generated 

from mesenchymal progenitor cells through 2 distinct developmental pathways, i.e., 

intramembranous or endochondral bone formation2). In intramembranous bone formation, 

mesenchymal progenitor cells directly differentiate into osteoblasts3). During 

endochondral bone formation, the mesenchymal progenitor cells differentiate into 

chondrocytes and further hypertorpic chondrocytes, which are later replaced by 

osteoblasts4). Inappropriate differentiation from mesenchymal progenitor cells, 

chondrocytes and osteoblasts cause bone disorders and diseases. 

During cell differentiation in endochondral bone formation, cells from 

mesenchymal progenitor cells to osteoblasts are characterized by lineage specific gene 

expressions5). The mesenchymal progenitor cells start to express transcription factor Sox9, 

which subsequently activates expression of type2 procollagen gene in chondrocytes6). 

More matured chondrocytes, hypertrophic chondrocytes, express Ihh, Runx2 and typeX 
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collagen genes7). Later, hypertrophic chondrocytes are replaced by bone-forming 

osteoblasts, which express transcription factor Osterix8). Proper sequential differentiation 

of these cells requires coordinated expression of the lineage specific genes. 

Coordinated expression of genes during development is regulated by factors both 

extrinsic and intrinsic to the cells5,9). In cell nucleus, chromatin modification affects gene 

expression by changing the accessibility of genes to transcription factors10). The two major 

chromatin modifications are DNA methylation of genome DNA and histone 

modifications11,12,13). The post-translational modifications of histones occur at their N 

terminal such as methylation, acetylation and phosphorylation12). The 9th lysine residue at 

histone H3 (H3K9) is one such residue, which accepts methylation and acetylation. At 

H3K9, the lysine can be un-, mono- (me1), di- (me2), and tri-methylated (me3). H3K9 

methylation is generally associated with gene repression and heterochromatin formation14). 

H3K9me1 and me2 are often associated with gene bodies and enhancer regions, while 

H3K9me3 are associated with perinuclear heterochromatic foci and repeat sequence rich 

regions. 

Histone methylation is governed by histone methyltransferas. Several H3K9 

methyltransferases (H3K9MTases) are known to methylate H3K9, including G9a15), 

GLP16), SETDB117), PRDM218), SUV39H119) and SUV39H220). G9a and GLP form a 

stable complex and are responsible for mono- and di-methylation of H3K9 in the 

euchromatin21), whereas SUV39H1/2 and SETDB1 are responsible for tri-methylation of 

H3K9 in the heterochromatin22). Setdb1-null mice die before embryonic day 3.5 (E3.5), 

and G9a-null or GLP-null mice show embryonic lethality at around E9.5, suggesting that 

H3K9MTases play critical roles during embryonic development16,23). Those histone 
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methyltransferases may also participate in cell differentiation through affecting chromatin 

modifications, however, their expression and function during cell differentiation are poorly 

understood. 

In this study, I have tried to address whether expressions and localizations of 

H3K9MTases and histone modifications are associated with skeletal cell differentiation. 

To this end I chose the mouse growth plate as tissue. The growth plate contains 

proliferating, pre-hypertrophic and hypertrophic chondrocytes, and osteoblasts. Thus 

histological sections along the longitudinal axis of the growth plate are ideal for observing 

the dynamic changes in the cell shape and function during cell differentiation. Using this 

mouse growth plate, I observed the distribution of H3K9 methylations and H3K9MTases 

as well as the localization of skeletal lineage specific proteins in Part 1. One major finding 

is that dynamic and coordinated changes of the distribution of H3K9 methylations and 

H3K9MTases occur at pre-hypertrophic stage during skeletal cell differentiation. During 

the course of experiment in Part 1, I found that intracellular localization of H3K9MTases 

also changes during cell differentiation. Intriguingly, I observed cytoplasmic localization 

of several H3K9MTases by immunohistochemistry. However, since immunohistochemical 

detection of nuclear proteins including histone and histone modification enzymes is 

influenced by experimental condition and structural property of nucleus in each tissue24). I 

searched an appropriate condition to detect H3K9 histone modification and H3K9MTases. 

Thus in Part 2, the fixation condition and antigen retrieval application in 

immunohistochemical procedures are evaluated to detect those antigen using two 

developmentally distinct tissues, growth plate cartilage and testis. 
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Part 1. Predominant expression of H3K9 methyltransferases in prehypertrophic and 

hypertrophic chondrocytes during mouse growth plate cartilage development 

1. Abstract 

Histone lysine methylation (HKM) is an epigenetic change that establishes 

cell-specific gene expression and determines cell fates. In this study, we investigated the 

expression patterns of histone H3 lysine 9 methyltransferases (H3K9MTases) G9a, GLP 

(G9a-like protein), SETDB1, PRDM2, SUV39H1, and SUV39H2, as well as the 

distribution of 3 types of HKM at histone H3 lysine 9: mono- (H3K9me1), di- (H3K9me2), 

or tri-methylation (H3K9me3), during mouse growth plate development. In the forelimb 

cartilage primordial at embryonic day 12.5 (E12.5), none of the H3K9MTases were 

detected and H3K9me1, H3K9me2, and H3K9me3 were scarcely detected. At E14.5, the 

H3K9MTases were expressed at low levels in proliferating chondrocytes and at high levels 

in prehypertrophic and hypertrophic chondrocytes. Among the H3K9 methylations, 

H3K9me1 and H3K9me3 were markedly noted in these chondrocytes. At E16.5, G9, GLP, 

SETDB1, PRDM2, SUV39H1, and SUV39H2, as well as H3K9me1, H3K9me2, and 

H3K9me3, were detected in prehypertrophic and hypertrophic chondrocytes in the growth 

plate. Western blotting and real-time quantitative polymerase chain reaction analysis 

revealed the distributions of G9 and GLP proteins and the expression of all the 

H3K9MTase mRNAs in prehypertrophic and hypertrophic chondrocytes. These data 

suggest that H3K9 methyltransferases are predominantly expressed in prehypertrophic and 

hypertrophic chondrocytes, and that they could be involved in the regulation of gene 

expression and progression of chondrocyte differentiation by affecting the methylation 

state of H3K9 in the mouse growth plate.  
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2. Introduction 

Genetic and epigenetic information determine cell fate, proliferation, and 

differentiation. Histone modifications control gene expression by affecting chromatin 

structure. One crucial histone modification is histone lysine methylation (HKM) at histone 

H3 lysine 9 (H3K9). H3K9 can be mono- (H3K9me1), di- (H3K9me2), or tri-methylated 

(H3K9me3), and each modification is associated with different biological responses, i.e., 

gene repression and gene activation1-3). H3K9me3 has a silencing effect on genes and 

repeat sequences, including endogenous proviruses4). Tissue-specific di-methylation of 

H3K9 is inversely related to tissue-specific gene expression5). H3K9 di- and trimethylation 

also facilitate the binding of heterochromatin protein 1, which recruits DNA 

methyltransferases, providing an association between H3K9 methylation and DNA 

methylation6). H3K9 methylation affects development, cell differentiation, and tumor 

formation via epigenetic regulation of gene expression2). Several histone 3 lysine 9 

methyltransferases (H3K9MTases) are known to methylate H3K9, including PRDM2 (PR 

domain zinc finger protein 2)7), SUV39H18), SUV39H29), G9a10), GLP (G9a-like 

protein)11), and SETDB1/ESET12). G9a and GLP form a stable complex and are 

responsible for mono- and di-methylation of H3K9 in the euchromatin13), whereas 

SUV39H1/2 and SETDB1 are responsible for tri-methylation of H3K9 in the 

heterochromatin. G9a-, GLP-, and Setdb1-null mice show embryonic lethality; 

Setdb1-null mice die before E3.5, and G9a- or GLP-null mice show embryonic lethality at 

around E9.511, 14). These findings suggest that H3K9MTases play critical roles during 

embryogenesis. Because of the early embryonic lethality of these mutant mice, the 

functions of the H3K9MTases in organogenesis and later mouse embryonic development 
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are unclear. To understand the roles of H3K9 methylation in mouse development, we 

selected the mouse growth plate to analyze the expression patterns of H3K9MTases and 

distribution of HKMs. The mouse growth plate is a key organ for endochondral bone 

formation and shows a unique zonal cellular organization, with each zone characterized by 

morphological and functional differences15). For instance, proliferating chondrocytes have 

a flat spindle cell shape with columnar alignment along the longitudinal axis of the growth 

plate. These cells express type II collagen (Col II), a typical chondrocyte marker. 

Reduction in the proliferation of these chondrocytes is followed by their differentiation 

into prehypertrophic chondrocytes that have a round cell shape. Finally, prehypertrophic 

chondrocytes differentiate into hypertrophic chondrocytes, which have an increased 

cellular volume and a calcified matrix16). Therefore, histological sections along the 

longitudinal axis of the growth plate are ideal for observing the dynamic changes in the 

cell shape and function from the proliferation phase through the differentiation phase of a 

single cell population17). In this study, immunohistochemical analysis revealed that the 

H3K9MTases are expressed predominantly in the post-proliferative cells such as 

prehypertrophic and hypertrophic chondrocytes, suggesting that HKMs are involved in 

controlling chondrocyte differentiation in the mouse growth plate cartilage. 

 

3. Materials and Methods 

3. 1. Antibodies 

The following antibodies were used in this study: anti-G9a (PP-A8620A-00; 

mouse monoclonal; Perseus Proteomics, Tokyo, Japan), anti-GLP (PP-B0422-00; mouse 

monoclonal; Perseus Proteomics), anti-SETDB1 (A300-121A; rabbit polyclonal; Bethyl 
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Laboratories, Montgomery, TX), anti-H3K9me1 (07-450; rabbit polyclonal; Millipore, 

Billerica, MA), anti-H3K9me2 (07-441; rabbit polyclonal; Millipore), anti-H3K9me3 

(07-442; rabbit polyclonal; Millipore), anti-H3K9ac (mouse monoclonal; prepared by H. 

Kimura), anti-Col II (LB-1297: rabbit polyclonal; Cosmobio, Tokyo, Japan), and anti-Col 

X (LB-0092; rabbit polyclonal; Cosmobio). 

 

3. 2. Immunohistochemistry 

Immunohistochemical analysis was performed using primary antibodies against 

G9a, GLP, SETDB1, PRDM2, SUV39H1, SUV39H2, H3K9me1, H3K9me2, H3K9me3, 

Col II, and Col X. Formalin-fixed, paraffin-embedded 5-lm sagittal sections of the 

forelimb were prepared from mouse E12.5, E14.5, and E16.5 embryos. After 

deparaffinization, antigen retrieval was performed for Col II and Col X by microwaving in 

0.5% hyaluronidase. After the endogenous peroxidase was blocked, the sections were 

incubated overnight at 4 °C with individual primary antibodies: anti-G9a (1:50), anti-GLP 

(1:100), anti-SETDB1 (1:40), anti-PRDM2 (1:100), anti-SUV39H1 (1:100), 

anti-SUV39H2 (1:100), anti-H3K9me1 (1:80), anti-H3K9me2 (1:80), anti-H3K9me3 

(1:80), anti-H3K9Ac (1:100), anti-Col II (1:800), and anti-Col X (1:400). Next, the 

sections were incubated with secondary antibodies conjugated to peroxidase-labeled 

polymer, Histofine Simple Stain MAX PO (M) or Histofine Simple Stain MAX PO (R) 

(Nichirei, Tokyo, Japan). Color development was performed using 3, 3 

0-diaminobenzidine tetrahydrochloride (Wako Pure Chemical Industries, Osaka, Japan), 

and the sections were counterstained with hematoxylin. Preparation of tissue slices from 

E16.5 forelimb At E16.5, tissue slices from the forelimb were prepared at 200 



 

 12 

micrometer-thick. Each tissue slice approximately corresponds to proliferating, 

prehypertrophic, hypertrophic, and trabecular bone region, respectively (Fig. 4), and was 

subjected to Western blotting and real-time quantitative polymerase chain reaction 

analysis (see below). 

 

3. 3. Western blot analysis 

The tissue slices were homogenized and lysed using a BioMasher (Nippi, Tokyo, 

Japan) in 1x SDS Sample buffer (New England Biolabs, Beverly, MA, USA) in which a 

Complete protease inhibitor mixture tablet (Roche Diagnostics, Indianapolis, IN, USA) 

was dissolved. The lysed proteins were separated on 10%-15% SDS–PAGE gels (Super 

Sep Ace™, Wako, Osaka, Japan) and electro-transferred to PVDF membranes (PALL, Ann 

Arbor, MI, USA). Blocking of blots was performed by incubating membranes in 5% skim 

milk-TBST overnight at 4 °C. Primary antibodies (G9a, GLP, ACTIN, H3K9me1, 

H3K9me3 and H3) were used at a dilution of 1:500 in Can Get Signal solution1 

(TOYOBO, Tokyo, Japan) and hybridized to membranes at room temperature (RT) for 1 h. 

Secondary antibodies, HRP-conjugated goat anti-rabbit IgG (Pierce Biotechnology Inc, 

Rockford, IL, USA) and HRP-conjugated goat anti-mouse IgG (Pierce), were used at a 

dilution of 1:5000 in Can Get Signal solution2 (TOYOBO) and hybridized to membranes 

at RT for 1 h. Immunoreactive bands were detected by chemiluminescence using ECL 

Prime Western Blotting Detection Reagent (GE Healthcare, Piscataway, NJ, USA). 

 

3. 4. Reverse transcription (RT) and RT-PCR 

Total RNA was isolated from each tissue slice by TRIZOL (Invitrogen, Carlsbad, 
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CA) and standard phenol/chloroform methods and then reverse transcribed using oligo-dT 

primer and reverse transcriptase (Superscript III; Invitrogen, Carlsbad, CA). After cDNA 

synthesis, PCR reactions were performed using 10 ng of cDNA template, 625 nM each of 

forward and reverse primers, and SYBR Premix Ex Taq™ II (TAKARA, Shiga, Japan) in 

20 ll. Samples were amplified for 50 cycles using an StepOnePlus real-time PCR system 

(Applied Biosystems, Foster City, CA) with an initial denaturation at 95 °C for 30 s, 

followed by 50 cycles of 95 °C for 10 s, 60 °C for 30 s. Post-amplification dissociation 

curves were constructed to confirm that a single PCR product was produced in each 

reaction. The relative amounts of transcripts were calculated and normalized by dividing 

the value for the gene by that for GAPDH. At least three independent experiments from 

tissue slices to PCR were performed and each PCR was performed three times. The 

accession numbers and primer sequences used in each PCR experiment are summarized in 

Table 1. 

 

Table 1 – Primers for real-time PCR experiments 
 Forward primer (5’-) Reverse primer (5’-) 

G9a TGCGTACTCTGTGGATGAGC ACCGCTCCTGTCTGACTGAT 
Glp TGGTTCCGAGGCTTGTAAGT CAGAGAGGCACTTCCTGGAG 

Setdb1 GATGATGCATCCAGGGAAGT CGAAGCTTCTGGTCTTTTGG 
Prdm2 CTATCAGAGCACCGATTTCTGC GTGTGTGCATAACTCATCTGGG 

Suv39h1 GCTGGAAAAGATCCGAAAAA CGTCTTCCACGTAGTCCAGG 
Suv39h2 CGATTGGAATCACCAAAAGG ACCTGAGGTTTCTCAAGGGC 
Col2a1 GATGGTCCCAAAGGTGTTCG GACCAGGCAGACCAACAATG 
Col10a1 GCAGCATTACGACCCAAGAT CATGATTGCACTCCCTGAAG 

Ihh CTGCCCACCTGCTCTTCATT GTGTCCCATGCCTTGTGAGA 
Pth1r CTCCTTCTCTGCTGCCCAGT TGCTGTGTGCAGAACTTCCT 
Gapdh GCCAAACGGGTCATCATCTC GTCATGAGCCCTTCCACAAT 
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4. Results 

Adjacent sections of the mouse forelimb were prepared atembryonic days E12.5, 

14.5, and 16.5 to compare the expression of H3K9MTases, as well as to identify the 

localization of H3K9me1, H3K9me2, and H3K9me3. The expression patterns of 

H3K9MTases were determined using antibodies against G9a, GLP, SETDB1, PRDM2, 

SUV39H1, and SUV39H2. H3K9me1-, H3K9me2-, and H3K9me3-specific antibodies 

were used to detect the localization of specific H3K9 modifications. H3K9 acetylation 

antibody was used to detect an alternative histone modification. We used Col II as a 

marker for chondrocytes and Col X as a marker for prehypertrophic and hypertrophic 

chondrocytes. Secondary antibodies against immunized animals were used as negative 

controls. At E12.5, the mesenchymal cell condensations prefigure future cartilage and 

express Col II. G9a, GLP, SETDB1, PRDM2, SUV39H1, and SUV39H2 were not 

detected in the Col II-positive limb primordia at this stage (Fig. 1A–F). H3K9me1, 

H3K9me2, and H3K9me3 were scarcely detected in the limb primordia (Fig. 1G–I).  
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Fig. 1. Localization of H3K9MTases and H3K9 methylation at embryonic day12.5. 
Immunohistochemical detection of G9a (A), GLP (B), SETDB1 (C), PRDM2 (D), SUV39H1 (E), 
SUV39H2 (F), H3K9me1 (G), H3K9me2 (H) and H3K9me3 (I) at E12.5. Staining with type II 
collagen antibody (J) and Hematoxylin and Eosin (HE) (K) were shown. Secondary antibodies for 
mouse IgG (L), rabbit IgG (M) and goat IgG (N) were used as nonspecific negative controls. 
Dotted lines show the area of limb skeletal primordia. Scale bar = 100 μm. 
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The typical structure of the growth plate is formed at E14.5, when proliferating 

chondrocytes form a columnar alignment and further morphological changes are 

established. All the H3K9MTases were very weakly detected in the proliferating 

chondrocytes (Fig. 2A–F). However, a significant increase in G9a, PRDM2, and 

SUV39H2 expression was observed in the prehypertrophic and hypertrophic chondrocytes, 

both of which expressed Col X (Fig. 2A,D,F). GLP, SETDB1, and SUV39H1 were also 

expressed in these cells, although their intensity was relatively low (Fig. 2B,C,E). H3K9 

methylation, especially H3K9me1 and H3K9me3, was markedly noted in the 

prehypertrophic and hypertrophic chondrocytes (Fig. 2G and I), whereas H3K9me2 was 

detected at low levels (Fig. 2H). Anti-mouse IgG (Fig. 2M), anti-rabbit IgG (Fig. 2N), 

anti-goat IgG (Fig. 2O) were used as negative controls for the immunohistochemical 

reaction. At E16.5, osteogenesis becomes evident at the cartilage end in the long bones16). 

At this stage, all the H3K9MTases were expressed in the prehypertrophic and hypertrophic 

chondrocytes (Fig. 3A–F). H3K9me1, H3K9me2, and H3K9me3 were also present in the 

prehypertrophic and hypertrophic chondrocytes (Fig. 3G–I). Moreover, the trabecular 

bones were positive for the H3K9MTases as well as methylated H3K9. Interestingly, 

H3K9 acetylation was enriched in the prehypertrophic chondrocytes, but the levels of 

acetylated H3K9 were decreased in the late stage of hypertrophic chondrocytes (Fig. 3J). 
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Fig. 2. Localization of H3K9MTases and H3K9 methylation in prehypertrophic and hypertrophic 
chondrocytes at embryonic day 14.5. Immunohistochemical detection of G9a (A), GLP (B), 
SETDB1 (C), PRDM2 (D), SUV39H1 (E), SUV39H2 (F), H3K9me1 (G), H3K9me2 (H), 
H3K9me3 (I), type II collagen (J), and type X collagen (K) at E14.5. Staining with HE (L) was 
also shown. Secondary antibodies for mouse IgG (M), rabbit IgG (N) and goat IgG (O) were used 
as nonspecific negative controls. Inset boxes show prehypertrophic region magnified twofold. 
Scale bar = 100 μm. Pro, proliferating chondrocytes; Prhy, prehypertrophic chondrocytes; Hy, 
hypertrophic chondrocytes. 
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Fig. 3. 



 

 19 

Fig. 3. Localization of H3K9MTases and H3K9 methylation in prehypertrophic and hypertrophic 
chondrocytes at embryonic day 16.5. Immunohistochemical detection of G9a (A), GLP (B), 
SETDB1 (C), PRDM2 (D), SUV39H1 (E), SUV39H2 (F), H3K9me1 (G), H3K9me2 (H), 
H3K9me3 (I), H3K9 acetylation (J), type II collagen (K), and type X collagen (L) at E16.5. 
Staining with HE (M) was also shown. Secondary antibodies for mouse IgG (N), rabbit IgG (O) 
and goat IgG (P) were used as nonspecific negative controls. Inset boxes show prehypertrophic 
region magnified twofold. Scale bar = 100 μm. Pro, proliferating chondrocytes; Prhy, 
prehypertrophic chondrocytes; Hy, hypertrophic chondrocytes. 

 

At this stage, tissue slices approximately corresponding to the proliferating, 

prehypertrophic, hypertrophic, and trabecular bone regions of the forelimb were prepared 

(Fig. 4). Although both perichondrial and chondral tissues were included in the slices, 

dynamic changes in the mRNA expression of H3K9MTases were detected. G9a, Glp, 

Setdb1, PRDM2, SUV39H1, and SUV39H2 expressions increased in the slices containing 

Ihh-expressing prehypertrophic chondrocytes and hypertrophic chondrocytes, which 

express Pth1r and Col10a1 (Fig. 4). In addition, western blot analysis confirmed that the 

distributions of G9a and GLP, as well as H3K9me1 and H3K9me3, were high in the 

prehypertrophic and hypertrophic regions (Fig. 5). These findings suggested that all the 

H3K9MTases and methylated H3K9 are markedly present in the prehypertrophic and 

hypertrophic regions during growth plate cartilage development.  
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Fig. 4. Expression of H3K9MTases and cartilage regulatory genes in the growth plate at E16.5. 
Tissue slices at 200 μm thick, which approximately correspond to the proliferating (a in the picture 
on the bottom), prehypertrophic (b), hypertrophic (c), and trabecular bone regions (d) of the 
forelimb, were prepared. Each tissue slice was subjected to RT-PCR. Expressions of G9a (A), Glp 
(B), Setdb1 (C), Prdm2 (D), Suv39h1 (E), Suv39h2 (F), Col2a1 (G), Col10a1 (H), Ihh (I), and 
Pth1r (J) were examined. Primer sequences for PCR analysis were listed in Table 1. Scale bar = 
200 μm. 

 

 
Fig. 5. Distributions of G9a, GLP, H3K9me3 and H3K9me1 in growth plate cartilage at embryonic 
day 16.5. Tissue slices, as seen in the picture of Fig. 4, were subjected to the Western blot analysis. 
Primary antibodies against G9a, GLP, H3k9me3 and H3k9me1 were used. Anti-ACTIN and 
Anti-Histone antibodies were served as loading controls. The distributions of G9a and GLP, as 
well as H3K9me1 and H3K9me3, were high in the prehypertrophic and hypertrophic regions. 
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Fig. 6. Schematic model of localization of H3K9MTases and H3K9 modifications in growth plate 
cartilage. Each bar represents abundance of each protein in growth plate cartilage. Blue bar: 
COL2A1, a marker for chondrocytes; COL10A1, a marker for prehypertrophic and hypertrophic 
chondrocytes. Red Bar: H3K9MTases. Green Bar: Histone modifications at H3K9. R, resting 
chondrocytes; Pro, proliferating chondrocytes; Prhy, prehypertrophic chondrocytes; Hy, 
hypertrophic chondrocytes. 

 

5. Discussion 

In this study, we showed that H3K9MTases, which are involved in the 

post-translational methylation of H3K92), are predominantly expressed in both 

prehypertrophic and hypertrophic chondrocytes during mouse growth plate development. 

These expression patterns overlapped with the distributions of methylated H3K9, 

especially H3K9me1 and H3K9me3. In addition, H3K9MTases and methylated H3K9 

were also enriched in the trabecular bone site. Thus, it suggests that the H3K9MTases may 

define the lysine 9 methylation state of histone H3 later than the prehypertrophic stage 

during endochondral bone formation. However, precise identification of the cells 

expressing H3K9MTases remains to be elucidated. During growth plate development, the 

prehypertrophic region is in a critical transitional stage, in which many molecules show 

dynamic expression patterns. Sox9, an essential transcription factor for chondrocyte 
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differentiation, is expressed in proliferating chondrocytes, while its expression decreases 

at the prehypertrophic and hypertrophic stages16, 17). On the other hand, Runx2 and Mef2c, 

essential transcription factors for cellular hypertrophy, are expressed in prehypertrophic 

chondrocytes, but not in proliferating chondrocytes. Overlapping expression of the 

H3K9MTases might be responsible for the alteration in H3K9 methylation at this stage 

and lead to the changes in the transcription of the cartilage regulatory genes such as Sox9, 

Runx2, and Mef2C. A recent study showing a multimeric complex formed by G9a, GLP, 

and SETDB1 raises the possibility that these H3K9MTases might act in concert to regulate 

the expression of a number of genes, including the cartilage regulatory genes18). 

Morphologically, the most remarkable changes in nuclear structure occur in the 

hypertrophic zone19). From the proliferating to hypertrophic chondrocytes, the nucleus 

enlarges and decreases in density, chromatin forms dense structures, and the cytoplasmic 

volume enlarges. A close link between chromatin H3K9 modifications and this substantial 

change in nuclear architecture upon differentiation has been proposed5). Thus, the 

appearance of H3K9 methylation in the hypertrophic zone might likely be associated with 

the alteration in nuclear structure. G9a and SETDB1 have been shown to bind to other 

nuclear proteins to regulate their associated genes. G9a interacts with MyoD in myoblast 

precursor cells and directly methylates it to repress its transcriptional activity20). SETDB1 

interacts with promyelocytic leukemia (PML) protein to control the transcription of 

PML-nuclear bodies–associated genes21). Therefore, in addition to methylation of H3K9, 

other substrates of H3K9MTases could probably be the factors that play a role in 

chondrocyte differentiation. Our study showed that dynamic changes in H3K9MTases and 

methylated H3K9 occur in prehypertrophic and hypertrophic chondrocytes, suggesting 
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that this stage is genetically and epigenetically critical (summarized in Fig. 6). Conditional 

deletion of the H3K9MTases might reveal their biological significance in chondrogenic 

development and may contribute to the understanding of cartilage degenerative diseases in 

humans, such as osteoarthritis. 
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Part 2. Search for conditions to detect epigenetic marks and nuclear proteins in 

immunostaining of the testis and cartilage 

1. Abstruct 

The localization of nuclear proteins and modified histone tails changes during 

cell differentiation, and can be determined at the tissue as well as at the cellular level. 

Immunostaining is the most powerful approach available to evaluate protein localization. 

However, nuclear proteins are sensitive to fixation and sometimes require antigen retrieval 

(AR). Antibody accessibility is likely to differ depending on the antibody and tissue 

characteristics; thus, immunohistochemical conditions should be optimized in light of the 

particular antibodies and tissues employed. In this study, we examined how fixation time 

and AR affect the immunohistochemical detection of epigenetic marks and nuclear 

proteins in different tissues, and aimed to optimize the most appropriate conditions to 

detect these antigens. We focused on histone modification at histone H3 lysine 9 (H3K9) 

and H3K9 methyltransferase G9a. We investigated the testis and cartilage, which both 

contain morphologically distinct populations of differentiating cells. In spermatogonia and 

primary spermatocytes of the testis, AR was indispensable for detecting the epigenetic 

marks H3K9me1 and me3, histone methyltransferase G9a, and nuclear protein 

proliferating cell nuclear antigen (PCNA). When AR was applied, fixation time did not 

affect detection of H3K9me1 and me3, but shorter fixation times yielded better results for 

the detection of G9a and PCNA. In the absence of AR, H3K9me2 and H3K9ac could be 

detected at shorter fixation times in primary spermatocytes. In contrast to the testis, all 

antibodies tested were able to detect their epitopes irrespective of AR application in the 

growth plate cartilage. Thus, application of AR is indispensable in the detection of many 

nuclear proteins in the testis, but not in cartilage, suggesting that tissue differences may 

cause differences in immunohistochemical conditions. In the absence of AR, fixation time 

affects the detection of certain nuclear proteins in both tissues. 
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2. Introduction 

Tissue-specific factors are expressed exclusively in certain groups of cells during 

cellular differentiation and cell fate determination. Genes activated during differentiation 

are maintained in a potentiated state in chromatin, whereas genes that are not activated in a 

given lineage are maintained in a silenced state. The potentiated state is characterized by 

an open chromatin locus, which is accessible to tissue-specific factors. In a silenced state, 

transcriptionally inactive condensed chromatin is formed(1,2,3. Open or closed chromatin 

structures are characterized by the acetylation or methylation of histone tails, which are 

referred to as epigenetic marks, as well as chromatin-modifying nuclear proteins(4,5,6. The 

modifications of histone tails are regulated by histone modification enzymes. For example, 

there are four methylated states at lysine 9 of histone H3: non-, mono-, di-, and 

tri-methylated H3K9. These methylated states are determined by the balance of 

methyltransferases and demethylases. The key histone methyltransferases is G9a, which is 

a member of the Suv39h subgroup of SET domain-containing molecules(7. G9a is 

responsible for the modification of H3K9me1 and H3K9me2, and affects chromatin status, 

leading to gene expression(8. Thus, elucidation of the localization and abundance of 

epigenetic marks and chromatin-modifying factors is essential for understanding the 

epigenetic regulation of cellular differentiation. 

Immunohistochemistry is the most powerful approach available to evaluate 

protein localization in vivo and in vitro. However, immunostaining often results in 

inconsistent findings. An important parameter of immunostaining is tissue fixation 

(Paavilainen et al. 2010). Formaldehyde or paraformaldehyde are suitable fixatives for 
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immunohistochemistry since they have marginal deteriorative effects on tissue that can be 

reversed after extensive washing with an appropriate buffer(9. However, the duration of 

tissue fixation strongly affects staining results, including those of nuclear proteins. To 

circumvent this problem, sections are subjected to antigen retrieval (AR), a treatment 

performed before immunostaining. AR is believed to restore the antigen structure 

modified by formaldehyde(10,11. 

In this study, we investigated the optimal conditions for the detection of 

epigenetic marks and nuclear proteins in the testis and growth plate cartilage. Both tissues 

contain morphologically distinct differentiating cells: spermatogonia and primary 

spermatocytes for the testis, and proliferating and hypertrophic chondrocytes for the 

growth plate cartilage(12,13,14. As epigenetic marks, we chose methylated histone H3 lysine 

9 (H3K9me) 1, 2, and 3, which are related to repressive chromatin, and acetylated histone 

H3 lysine 9 (H3K9ac) as an activated mark. As a key histone methyltransferase in H3K9 

modification, we chose G9a. We also assessed localization of a nuclear protein, 

proliferating cell nuclear antigen (PCNA), which exclusively resides in nucleus. 

We evaluated the duration of tissue fixation and requirement for application of 

AR. In the testis, we found that AR was essential for the detection of H3K9me1 and 3, 

G9a, and PCNA. By contrast, all antibodies tested in this study were able to detect their 

epitopes irrespective of AR application in the growth plate cartilage, suggesting that the 

requirement for AR differs between tissues. Fixation time affected the detection of certain 

nuclear proteins in both tissues. 
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3. Materials and Methods 

3. 1. Antibodies 

The following antibodies were used in this study: anti-H3K9me1, anti-H3K9me2, 

anti-H3K9me3, and anti-H3K9ac (mouse monoclonal; prepared by H. Kimura); anti-G9a 

(PP-A8620A-00, mouse monoclonal; Perseus Proteomics; Tokyo, Japan), anti-PCNA 

(2586, mouse monoclonal; Cell Signaling; Beverly, MA), and anti-mouse IgG 

(H+L)-Alexa488 (A11001, goat polyclonal; Invitrogen; Carlsbad, CA). The specificity 

and sensitivity of these antibodies have been thoroughly tested in previous studies(15. 

 

3. 2. Animals and tissue fixation 

Testes were excised from 2-week-old C57BL6 mice and fixed immediately with 

4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for 3 h, 8 h, or 23 h at 

4°C. We fixed two testes per one fixation condition. After fixation, the testis tissue was 

embedded in paraffin. For the growth plate cartilage, entire E16.5 embryos were fixed and 

embedded in paraffin (fixation of whole body group), or the humeri were excised from 

E16.5 embryos, fixed, and embedded (fixation of isolated humerus group). Fixation was 

performed in PBS with 4% PFA for 3 h, 8 h, or 23 h at 4°C. We fixed two whole embryos 

for 23h fixation condition and one embryo each for 3h and 8h condition, whereas fixed 

one isolated long bone per each fixation condition. Fixed tissues and bodies were 

dehydrated with 50%, 70%, 80%, 90%, 100%, 100%, 100% EtOH and Tissue-Tek® 

Tissue-Clear® (Sakura Finetek; Tokyo, Japan) (60 min each step) at room temperature 

(RT). Dehydrated tissues and bodies were infused with paraffin for 120 min at 65°C, 

deaerated for 120 min at 65°C, and embedded in paraffin. Sections with a thickness of 5 
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µm were placed on FRONTIER-coated glass slides (Matsunami Glass; Osaka, Japan). 

 

3. 3. Immunohistochemistry and capturing images 

Sections were deparaffinized with two xylene washes (10 min), two 100% EtOH 

washes, a 90% EtOH wash, a 70% EtOH wash, and three distilled water washes (5 min 

each step) at RT. For the application of AR, the sections were subjected to microwaving in 

10 mM citric acid buffer (pH 6) for 20 min. During microwaving, the temperature of the 

buffer was maintained at 80°C. The sections were then incubated for 20 min at RT. In the 

presence or absence of AR application, the sections were treated with blocking solution 

(1.5% goat serum in PBS) for 60 min at RT and incubated overnight at 4°C with 

individual primary antibodies: anti-H3K9me1 (1:1), anti-H3K9me2 (1:200), 

anti-H3K9me3 (1:200), anti-H3K9ac (1:200), anti-G9a (1:100), or anti-PCNA (1:100). 

After washing, the sections were incubated with secondary antibodies conjugated to Alexa 

-diamidino-2-phenylindole (DAPI) (1:10, CS-2010-06; 

Cosmobio; Tokyo, Japan). 

The fluorescent images were captured with an oil objective lens (60×) by using a 

laser-scanning confocal microscope (FV-1000; Olympus; Tokyo, Japan) and analyzed 

using FLUOVIEW software (Olympus). Images of confocal z-stacks were acquired at 

0.5-μm intervals, and a stack of the 7 images was merged into a projection. In all panels, 

DAPI-stained, antibody-stained, and merged images are shown. 

 

3. 4. Counting and calculation of the signal-positive cells 

In the testis, cells with high-intensity DAPI staining, suggesting high DNA 
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content, were referred to as primary spermatocytes. Cells with low-intensity DAPI 

staining lying near the basement membrane of the seminiferous tubule were referred to as 

spermatogonia (Supplemental Fig. 1). Positive cells were defined as cells whose DAPI- 

and each antibody-stained signal could be merged. We manually counted cells in two 

different fields of view (100 × 100 µm) that contained one seminiferous tubule per area, 

and then calculated the ratios of positive cells to DAPI-stained cells. In the cartilage, 

positive cells and DAPI-stained cells were manually counted in a selected area (100 × 200 

µm) containing the prehypertrophic and hypertrophic chondrocytes, and the ratios of 

positive cells to DAPI-stained cells were calculated. 

 

4. Results 

Since nuclear proteins are primarily localized in the nucleus, where DAPI 

staining labels DNA, the results are displayed in three panels: DAPI-stained, 

antibody-stained, and merged (Figs. 1 and 3). We counted the number of positive cells in 

which DAPI-stained and antibody-stained signals could be merged, and the ratios of 

positive cells to DAPI-stained cells are shown (Figs. 2 and 4). 

Cells in the premature testis are divided into two types: spermatogonia and 

primary spermatocytes. Spermatogonia are large precursor cells with low-intensity DAPI 

staining lying near the basement membrane. Primary spermatocytes have heterochromatic 

nuclei with high-intensity DAPI staining, and are located between the basement 

membrane and the lumen of the tubule (Fig. 1b ). In the absence of AR application, signals 

corresponding to H3K9me1, H3K9me3, G9a, and PCNA were not detected in any nuclei 

in the spermatogonia and primary spermatocytes of the testis. In primary spermatocytes, 
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H3K9me2 was detected in the nuclei of all fixation groups, and the number of nuclei that 

were signal-positive for H3K9me2 was inversely correlated with the duration of fixation 

(Figs. 1a and 2). In spermatogonia, H3K9me2 was barely detected in all fixation groups. 

On the other hand, H3K9ac was detected in many nuclei in all fixation groups in both the 

spermatogonia and primary spermatocytes of the testis (Figs. 1a and 2). 
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Fig. 1a. (Continued) 



 

 36 

 
 
Fig. 1. Localization of methylated H3K9, acetylated H3K9, G9a, and PCNA in the testis.  
(a) Confocal images of immunohistochemical detection of H3K9me1, H3K9me2, H3K9me3, 
H3K9Ac, G9a, and proliferating cell nuclear antigen (PCNA) in the testis are shown. The testis 
was fixed in PFA for 3-h, 8-h, and 23-h fixation durations, and was embedded in paraffin. Sections 
were treated with antigen retrieval (AR (+)) or without (AR (−)). All panels are shown as 
4',6-diamidino-2-phenylindole (DAPI)-stained images (left, blue), antigen-stained images (middle, 
Alexa488, green), and merged images (right). The same experiments are performed twice in each  
condition and representative photos are shown. Scale bar = 10 µm.  
(b) Primary spermatocytes and spermatogonia in testis.Cells with high-intensity DAPI staining, 
suggesting high DNA content, were referred to as primary spermatocytes. Cells with low-intensity 
DAPI staining lying near the basement membrane of the seminiferous tubule were referred to as 
spermatogonia 
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Fig. 2. Ratios of antigen-positive and -negative cells under different conditions of fixation time 
and antigen retrieval for the detection of various nuclear antigens in the testis.  
  The ratios of antigen-positive and -negative cells under each different condition are shown as 
percentage bar charts for spermatogonia (a) and primary spermatocytes (b). Orange: the 
proportions of positive cells per DAPI-stained cells, and gray: the proportions of negative cells per 
DAPI-stained cells. Antibodies used in this study, fixation time, and presence or absence of antigen 
retrieval (“AR+” and “AR−”) are shown in the lower part of the figure. At the bottom, 
representative panels of positive and negative cells are shown.  
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AR application substantially improved the signal intensities and numbers of 

positive nuclei of all antibodies in the testis. H3K9me1, H3K9me2, H3K9me3, and 

H3K9ac were detected at all fixation times in both spermatogonia and primary 

spermatocytes when AR was applied (Fig. 1a). As reported previously(16,17,18, H3K9me1, 

H3K9me2, and H3K9ac were detected in regions of weak DAPI staining in the nucleus, 

while H9K9me3 was detected in DAPI-dense heterochromatic regions. The number of 

signal-positive nuclei for PCNA was high in the 3-h fixation group and low in the 23-h 

group in both spermatogonia and primary spermatocytes (Fig. 1a). A higher intensity of 

G9a signals was observed in the 3-h fixation group compared with the 23-h group, 

whereas the number of signal-positive nuclei was similar in the three fixation groups. 

We next examined protein localization in the embryonic growth plate cartilage. 

Whole E16.5 embryos (Fig. 3a) and isolated long bones (humeri) from E16.5 embryos 

(Fig.3b) were fixed over three different durations and subjected to immunohistochemistry. 

All panels shown in Fig.3 are prehypertrophic and hypertrophic chondrocytes. In contrast 

to the testis, all antibodies tested were able to detect their epitopes in the growth plate 

cartilage irrespective of AR application and fixation conditions, in which fixation was 

performed in whole embryos or isolated long bones. AR application significantly 

enhanced the signal intensity of certain epitopes, such as H3K9me1 and H3K9me3, in the 

3-h fixation group (Fig.3). Interestingly, the 3-h fixation time negatively affected the 

signals corresponding to H3K9me1 and H3K9me3 compared with the 23-h fixation time 

(Fig. 4). Fixation in whole embryos and isolated long bones gave rise to similar results. 
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Fig. 3a. 
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Fig. 3a. (Continued) 
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Fig. 3b. 
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Fig. 3b. (Continued) 
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Fig. 3. Localization of methylated H3K9, acetylated H3K9, G9a, and PCNA in chondrocytes at 
embryonic day 16.5.  
Confocal images of immunohistochemical detection of H3K9me1, H3K9me2, H3K9me3, 
H3K9Ac, G9a, and PCNA in chondrocytes at embryonic day 16.5 are shown. A whole embryo was 
fixed (a) or an isolated humerus was fixed (b), embedded in paraffin, and sectioned along the 
longitudinal plane of the humerus. Sections were treated with antigen retrieval (AR (+)) or without 
(AR (−)). Scale bar = 10 μm.  
 

 
Fig. 4. Ratios of antigen-positive and -negative cells under different conditions of fixation time 
and antigen retrieval for the detection of various nuclear antigens in the growth plate cartilage. 
The ratios of antigen-positive and -negative cells under each different condition are shown as 
percentage bar charts for fixation as a whole embryo (a) and fixation as an isolated humerus (b). 
Orange: the proportion of positive cells per DAPI-stained cells, and gray: the proportion of 
negative cells per DAPI-stained cells. Antibodies used in this study, fixation time, and presence or 
absence of antigen retrieval (“AR+” and AR−”) are shown in the lower part of the figure. 
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5. Discussion 

In order to preserve morphological features, formalin fixation and paraffin 

embedding are the optimal procedures for morphological examination and 

immunohistology(19,20. However, formalin fixation leads to protein cross-linking, which 

causes masking of antigenic epitopes. AR reverses this cross-linking, allowing the masked 

epitopes to be exposed to antibodies. Our study demonstrated that in the testis, except for 

H3K9me2 and H3K9ac, AR application was required to detect the nuclear proteins tested. 

In the cartilage, although AR was not essential for detection of the epitopes tested, it 

nonetheless improved sensitivity. Therefore, AR is very effective for the detection of 

nuclear proteins in formalin-fixed tissues. 

In the absence of AR application, a shorter fixation duration was favorable for the 

detection of H3K9me2 in primary spermatocytes, suggesting that longer fixation decreases 

epitope accessibility in these cells. In the presence of AR, longer fixation time led to 

inferior results for the detection of PCNA. Thus, fixation time should be adjusted for 

certain nuclear epitopes(21,22. 

Heat treatment of sections in the application of AR can cause tissue damage, 

particularly in the case of hard tissues such as bone, cartilage, and teeth, which can easily 

drop off from the slide glass after heating(9. Thus, to preserve sections in their entirety, 

immunohistochemistry conditions without AR may be preferable for these tissue types. In 

the absence of AR, determining whether the antibody to be examined can target its epitope 

is a prerequisite. 

An important finding of this study is that the effectiveness of AR differs across 

tissues, since the application of AR was indispensable for the detection of nuclear proteins 
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in the testis tissue, but not in cartilage. This difference may not be due to being less fixed 

in cartilage than the testis tissue, since fixation of cartilage in both whole embryos and 

isolated long bones gave rise to similar results.  The finding here raises an intriguing 

question: what are the characteristic differences in the nucleus between the testis and 

cartilage with respect to antibody accessibility to nuclear epitopes? As shown in Figs. 1a, 

3, and 4, in the absence of AR, antibodies directed against histone marks might not 

penetrate into the nuclei of testis cells, whereas they could penetrate into chondrocyte 

nuclei. This finding suggests that some structural or physical traits differ between testis 

and cartilage cell nuclei(5,23. Even in the testis, H3K9me2 could be detected without AR in 

primary spermatocytes, but not spermatogonia, suggesting that antibody accessibility 

differs between the two cell types. Therefore, different characteristic features of the nuclei 

that determine antibody accessibility may exist in different stages of cell differentiation. 

A recent study investigating reliable conditions for the detection of other 

epigenetic marks in the mouse retina revealed that although detection of the majority of 

the epigenetic marks tested was affected by the length of fixation, certain epitopes, such as 

H4K8ac, did not adhere to this general rule(24. This study also pointed out the dependence 

of some epitopes on the length of AR time. The epitopes analyzed in our study may also 

depend on the length of AR time, which awaits further study for confirmation. 

 

In conclusion, our results show that the application of AR is essential for the 

detection of most of the nuclear proteins and epigenetic marks tested in this study in the 

testis, but is nonessential for detection in embryonic cartilage. A shorter fixation time with 

AR is suitable for the testis tissue, whereas 8-h or 23-h fixation time, with or without AR, 
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are suitable for the cartilage. Thus, conditions for the detection of epigenetic marks and 

nuclear proteins should be optimized in consideration of fixation time and AR application 

in each tissue. 
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Concluding remarks 

The purpose of the present study were to elucidate the distribution of 9th lysine at 

histone H3 (H3K9) modifications and expression of H3K9 methyltransferases 

(H3K9MTases) during skeletal cell differentiation, and to evaluate immunohistochemical 

condition to detect those antigens using two developmentally distinct tissues, growth plate 

cartilage and testis. The results are summarized as follow. 

1. The distribution of H3K9 modifications and H3K9MTases in mouse growth plate 

cartilage: I found that all H3K9 methyltransferases, G9a, GLP, SETDB1, PRDM2, 

SUV39H1 and SUV39H2, are predominantly expressed in pre-hypertrophic and 

hypertrophic chondrocytes in mouse growth plate cartilage. Among the H3K9 

methylations, H3K9me1 and H3K9me3 were markedly noted in these chondrocytes. 

Thus it suggests that dynamic and coordinated changes of the distribution of H3K9 

methylations and H3K9MTases occur at pre-hypertrophic stage during skeletal cell 

differentiation. These results were obtained with or without antigen retrieval (AR) 

application. 

2. Conditions to detect H3K9 modifications and H3K9MTases in immuno- 

histochemistry differ between two developmentally distinct tissues, growth plate 

cartilage and testis: I searched for a condition to detect H3K9 modifications and 

H3K9MTases in two different tissues, growth plate cartilage and testis. Antigen 

retrieval is required to detect H3K9 modifications and H3K9MTases in 

immunohistochemistry in testis but not in cartilage. Shorter fixation time is preferable 

for both tissues. Under the best condition for immunohistchemical detection of these 

antigens, we found that some H3K9MTases are localized in cytoplasmic region in 
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addition to nucleus, in a differentiation stage dependent manner. 

 

These results suggest that the expression of H3K9MTases and the modifications 

of H3K9 are regulated during skeletal cell differentiation at the tissue as well as the 

cellular level. Conditions of immunohistochemical detection for H3K9MTases and the 

modifications of H3K9 should be optimized dependent on cell types. The predominant 

localizations of H3K9MTases and M3K9 methylations in pre-hypertrophic and 

hypertrophic chondrocytes, which express various lineage specific genes, support the 

notion that proper regulation of cell differentiation at these stages is critical for bone 

development, skeletal disorders, and maintenance of bone health. 
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