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Abstract 

Purpose: The aim of this work was to evaluate nuclear histone acetylation level and 

total histone acetyltransferase (HAT) and deacetylase (HDAC) activity in human 

ejaculated sperm and their relevance to conventional sperm parameters.  

Materials and Methods: Thirty-three normozoospermic men were included in this 

study. Semen samples were processed by swim–up and then immunostained by six 

acetylation antibodies (H3K9ac, H3K14ac, H4K5ac, H4K8ac, H4K12ac and 

H4K16ac). The expression of HAT/HDAC1 was previously verified in mature 

human sperm. From vitrified-warmed sperm samples, total HAT/HDAC activity 

was measured by commercially available kits. Sperm DNA fragmentation index 

(DFI) was also measured by TUNEL assay.  

Results: The intensity levels of six acetylation markers in immunofluorescent 

staining were not related with conventional sperm parameters including DFI as well 

as HAT/HDAC activity. However, sperm DFI was positively correlated with HAT 

activity (r = 0.038 after adjustment, p < 0.02). HAT activity showed a negative 

relationship with HDAC activity (r = -0.51, p < 0.01). Strict morphology was 

negatively correlated with acetylation enzyme index (= HAT activity / HDAC 

activity; r = -0.53, p < 0.01).  

Conclusion: This study demonstrated a significant relationship between acetylation-

associated enzyme activity and strict morphology or sperm DFI. 

 

Key Words: acetylation, acetyltransferase, deacetylase, DFI, morphology, sperm 
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Introduction 

 

Epigenetic mechanisms regulate the expression of DNA by activation or repression 

of transcriptional process. This form of gene regulation has now been implicated in 

mammalian gametogenesis or embryogenesis.1-3 Histone acetylation and DNA 

methylation has also been known to play an important role in spermatogenesis.4 

 

Histone acetylation of lysine residues, clustered at the amino-terminal end of core 

histones, is regulated by a balance between histone acetyltransferases (HATs) to 

facilitate acetylation and histone deacetylases (HDACs) to decrease acetylation.5 

When histones are hyperacetylated, its affinity to DNA is decreased by losing their 

positive charges, and the decreased affinity of hyperacetylated histones for DNA 

leads to a more relaxed chromatin structure that is more amenable to transcription, 

thus active transcription occurs.6 Generally, HATs act as a transcriptional 

coactivator and HDACs induce transcriptional repression.7,8 

 

In a murine model, treatment with trichostatin A, an HDAC inhibitor, induces 

histone hyperacetylation and also inhibits normal spermatogenesis.9 This suggests 

that hypoacetylated state is important in the differentiation of spermatocytes within 

testes. Nonetheless, hyperacetylation of histone H4 is observed during the stage of 

spermatogonia in which active mitosis occurs.10  
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As sperm is matured during spermiogenesis, the majority of nuclear histones are 

substituted by protamine, thereby sperm nuclear DNA being more tightly 

compacted.11 Histone-to-protamine transition is initiated at the stage of elongating 

spermatids and the hyperacetylation of H4 could be observed again during this stage 

in a murine model.10 In human elongating spermatids, the positive H4 

hyperacetylation signal was significantly lower in infertile men exhibiting normal 

spermatogenesis or those with impaired spermatogenesis.12 Impaired 

spermatogenesis has been reported to be associated with aberrant H4 acetylation.13 

Thus, hyperacetylation of core histones appears to play an important role for correct 

histone-to-protamine exchange and complete differentiation of spermatids into 

mature sperm.  

 

In a fully matured human sperm, approximately 15% of the DNAs are still found to 

histone, therefore, remaining histones have been proposed to carry essential marks 

for the establishment of epigenetic information in the offspring.14,15 Various studies 

suggested that retained histones bind specific regions and convey epigenetic 

information to the early embryo.16-21 

 

There is some evidence that histones in the ejaculated human sperm are relatively 

more highly acetylated than previously expected, and sperm might possess active 

transcriptional activity.22-24 However, epigenetic modifications of ejaculated sperm 

have not been well understood in the area of male infertility and assisted 
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reproductive technologies (ART). The expression of H4K5ac, H4K8ac, H4K12ac 

and H4K16ac were identified in human testis samples from azoospermic men and 

ejaculated spermatozoa from fertile donors.22 A previous report denoted that 

testicular expressions of H3K9ac are similar between men with normal and 

impaired spermatogenesis.24 

 

Currently, there have been no reports regarding the correlation of routine semen 

parameters with the histone acetylation state as well as the acetylation-associated 

enzyme activity in ejaculated human sperm. The aim of this work was to evaluate 

the sperm nuclear histone acetylation levels and the HAT/HDAC activity in 

ejaculated sperm from normozoospermic men and their relevance to conventional 

sperm parameters. 

 



8 

 

Materials and methods 

 

Study subjects and semen preparation 

 

Thirty-three male partners participating IVF treatment during 2012 were recruited 

in this prospective study. We included the men who showed a total motile sperm 

count (TMC) ≥5 million for securing adequate amount of sperm to perform the 

assay. There were no exclusion criteria in the etiology of female infertility. All men 

were normozoospermic and the conventional sperm parameters were presented in 

Table 1. An informed consent was obtained from all of the subjects and the use of 

human semen for this study was approved by the Institutional Review Board of the 

Seoul National University Bundang Hospital (B-1112/141-005). All the male 

subjects had no history of genital inflammation or surgery. No subjective symptoms 

or self-reported medical risk factors were identified. Nobody had taken prescribed 

medications. Nineteen male partners were identified as smoker by self-report and/or 

urine cotinine measurement. 
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Table 1. Basic characteristics of conventional semen parameters in enrolled 

thirty three males 

 Mean ± SD Range 

Male age (years) 37.3 ± 4.1 28–45 

No. IVF cycles 2.1 ± 1.6 1–7 

Sperm parameters   

  Volume (mL) 3.3 ± 1.2 1.5–6 

Concentration (million /mL) 192 ± 125 57–495 

Motility (%) 60.4 ± 14.9 40–87.8 

Total motile sperms (million) 356 ± 250 102–980 

Strict morphology (%) 13.8 ± 4.6 7.6–24 

DNA fragmentation index (%) 18.3 ± 9.9 5.0–42.5 
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After avoiding coitus for at least 3 days, semen samples were obtained by 

masturbation at the time of oocyte pick-up. After liquefaction for 30 min at room 

temperature (RT), routine sperm quality was assessed by using computer–assisted 

semen analysis (SAIS-PLUS 10.1, Medical Supply Co., Seoul, Korea) and 

classified according to standard procedures of the World Health Organization 

(WHO, 2010). None had significant numbers of round cells or leukocytospermia as 

per WHO guidelines (<1 million/mL). Sperm morphology was evaluated according 

to the strict criteria proposed by Kruger/Tygerberg and adopted by the World Health 

Organization. The semen was processed by conventional swim-up method and 

utilized for fertilization. The remaining sperm were used for the following 

experiments.  

 

Measurement of sperm DNA fragmentation 

 

Nuclear DNA integrity was measured by the TUNEL assay as described before.25 

The samples were smeared onto a silane-coated slide (DAKO, Glostrup, Denmark) 

and air-dried. Sperm were fixed with 4% neutral buffered formalin for 1 hr at 15–

25°C, and then washed with PBS. Sperm were permeabilized with 0.1% Triton X-

100 in 0.1% sodium citrate (Sigma, St. Louis, MO, USA). A commercial apoptosis 

detection kit (In Situ Cell Death Detection Kit; Roche Diagnostics GmbH, 

Mannheim, Germany) was used. The remaining procedures were performed as 

directed by the instructions in the kits. Counterstaining was performed using a 
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mounting medium with DAPI (Vector Laboratories, Burlingame, CA, USA). The 

sperm with fragmented DNA had their nuclei stained in green, whereas the nuclei of 

the other cells were blue. Sperm heads with >50% of the area stained green were 

considered positive. At least 500 sperm were counted per experimental set and the 

percentage of sperm with fragmented DNA was determined as DNA fragmentation 

index (DFI). 

 

Immunocytochemistry 

 

Semen was washed with phosphate buffered saline (PBS) three times and smears 

were prepared on glass slides. The smears were fixed in 4% paraformaldehyde for 

20 min and air-dried. Smears were rehydrated with PBS twice and decondensed in 5 

mM dithiotreitol (DTT) and 0.3 ㎍/mL heparin for 30–60 min. Smears were 

permeabilized with PBS containing 0.5% Triton X-100 (PBS-T) for 10 min at RT 

and then washed twice with PBS. Smears were blocked with 3% bovine serum 

albumin (BSA) in PBS for 30 min at RT. After washing twice with PBS, the smears 

were incubated with the primary antibodies (1:100) for 2 hrs at RT. All of six 

primary antibodies (H3K9ac, H3K14ac, H4K5ac, H4K8ac, H4K12ac and 

H4K16ac) were rabbit polyclonal antibodies purchased from Abcam (Cambridge, 

UK). Smears were then washed three times with PBS and incubated with 

fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit antibody (1:100) for 

1.5 hours at RT (Invitrogen, Carlsbad, CA, USA). After washing three times with 
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PBS, smears were mounted with DAPI and observed under a Carl Zeiss Axiophot 

microscope (exciter filter BP450–490, emission filter BP520) at x400 and x1,000 

magnification. All sperm were stained with either ‘weak’ or ‘strong’ signal intensity 

(Figure 1). We considered the strong signal as hypercetylated state. The signal 

intensity was judged by an independent investigator. On each slide, at least 400 

sperm were counted and the percentage of sperm exhibiting strong intensity was 

determined. Negative controls were performed in the absence of primary antibody.  



13 

 

 

Figure 1. Representative microphotographs showing ejaculated sperm 

immnunostained by fluorescent antibody for histone H3K9, H3K14, H4K5, 

H4K8, H4K12 and H4K16 acetylation (x1,000). 

Thick arrows indicate ‘strong’ intensity and thin arrows indicate ‘weak’ intensity; 

All sperm are stained with either ‘weak’ or ‘strong’ signal intensity, and 
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immunopositivity was determined as the percentage of sperm showing ‘strong’ 

signal per total counted sperms. Negative controls were performed in the absence of 

primary antibody. Counterstaining was performed using a mounting medium with 

DAPI. 
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Preparation of nuclear extracts and measurement of total 

HAT/HDAC activity  

 

A proportion of processed sperm was vitrified for the measurement of total 

HAT/HDAC activity. We performed a preliminary western blot assay from 5 men to 

verify the expression of HAT/HDAC in mature human sperm. For investigating the 

HAT/HDAC, polyclonal rabbit anti-HAT antibody (1:2,000, orb128159; Biorbyt Ltd, 

Cambridge, UK) and polyclonal rabbit anti-HDAC1 antibody (1:1,000, #2062; Cell 

Signaling Technology, Danvers, MA, USA) were used. A 50 kDa of HAT band and 

a 62 kDa of HDAC1 band were clearly identified in the mature human sperm lysate 

(Figure 2). From the warmed semen samples, nuclear extracts were obtained using 

the Nuclear Extract kit (Active Motif, Carlsbad, CA, USA) according to the 

manufacturer's instructions. Pellets were re-suspended in 50 μL of Complete Lysis 

Buffer and centrifuged at 14,000 ×g for 10 min at 4°C; supernatants were saved as 

the nuclear fractions. The protein concentration of each sample was measured 

(Bradford Bio-Rad Protein Assay kit, Bio Rad, San Diego, CA, USA), with bovine 

serum albumin as a standard. 
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Figure 2. Detection of histone acetyltransferase (HAT) and histone deacetylase 

1 (HDAC1) in mature human sperm. 

Western blot assay demonstrates 50 kDa band of HAT and 62 kDa band of HDAC1 

in mature human sperm lysates obtained from five men. 
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Total HAT activity was measured using a commercially available kit (Histone 

Acetyltransferase Activity Assay Kit, ab65352, Abcam) according to the detailed 

instructions provided by the manufacturer. Briefly, 30 μg of nuclear extracts was 

incubated with HAT substrates I and II and NADH-generating enzyme in HAT 

assay buffer for 4 hours at 37 °C. Absorbance was determined at 450 nm in an 

ELISA plate reader, with active nuclear extract used as a positive control and 

standard. The HAT activity was expressed as nmol/min/㎍ as indicated by the 

manufacturer. All experiments were performed in duplicate and the mean values 

were obtained. 

 

Total HDAC activity was measured using the EpiQuik HDAC Activity/Inhibition 

Assay Kit (Epigentek, New York, USA). In brief, the 10 μg of sperm nuclear protein 

extract were incubated with a specific substrate for 1 hr at 37 °C, followed by 

incubation with capture antibodies for 60 min and detection antibodies for 30 min at 

RT. Absorbance was determined using a microplate spectrophotometer at 450 nm. 

HDAC activity was calculated according to the manufacturer’s instructions using 

the equation: activity (ng/h/mL) = [OD (control-blank) - OD (sample-blank)] / slope 

x reaction time (0.5–1 hr) x sample dilution. All experiments were performed in 

duplicate and mean values were obtained. We arbitrary determined ‘acetylation 

enzyme index’ as HAT activity divided by HDAC activity. 
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Data analysis 

 

Statistical analysis was performed using statistical software (MedCalc ver. 10.4, 

MedCalc Software, Mariakerke, Belgium). Data are always expressed as mean ± 

SD. The Spearman correlation test was used to assess an association between 

different numerical parameters. Intergroup differences were assessed by 

nonparametric Wilcoxon test. A p-value of < 0.05 (two–tailed) was considered 

statistically significant. 
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Results 

 

The mean immunopositivities and their ranges for six acetylation antibodies as well 

as HAT/HDAC activity are listed in Table 2, and the correlations between variable 

sperm parameters are presented in Table 3.  
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Table 2. Histone acetylation levels and histone acetyltransferase/deacetylase 

activity in ejaculated sperm from enrolled thirty three males 

 Mean ± SD Range 

H3K9ac positivity (%) 13.9 ± 9.6 2.4–48.9 

H3K14ac positivity (%) 19.4 ± 16.6 4.0–86.9 

H4K5ac positivity (%) 15.6 ± 6.9 5.8–42.6 

H4K8ac positivity (%) 15.9 ± 8.1 3.6–45.0 

H4K12ac positivity (%) 15.4±7.6 8.2–46.1 

H4K16ac positivity (%) 18.1±9.8 7.3–45.9 

Histone acetyltransferase activity (nmol/min/㎍) 264.5 ± 18.5 245.4–343.2 

Histone deacetylase activity (ng/h/mL) 3.3 ± 0.9 0.3–4.1 

Acetylation enzyme index* 116.2 ± 160.2 59.6–935.8 

*Histone acetyltransferase activity/ histone deacetylase activity. 
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Table 3. Correlation coefficients for interrelations between various sperm 

parameters 

 H3K9 H3K14 H4K5 H4K8 H4K12 H4K16 HAT HDAC AEI 

Age ns ns ns ns ns ns ns ns ns 

Conc. ns ns ns ns ns ns ns ns ns 

Motility ns ns ns ns ns ns ns ns ns 

TMC ns ns ns ns ns ns ns ns ns 

SM ns ns ns ns ns ns ns ns –0.53† 

DFI ns ns ns ns ns ns 0.44* ns ns 

HAT ns ns ns ns ns ns – –0.51† – 

HDAC ns ns ns ns ns ns –0.51† – – 

Con.: concentration, TMC: total motile sperms, SM: strict morphology, DFI: DNA fragmentation 

index, HAT: histone acetyltransferase activity, HDAC: histone deacetylase activity. AEI: acetylation 

enzyme index (=HAT activity/HDAC activity). 

ns: not significant.  

*: p<0.02.  

†: p<0.01. 



22 

 

A univariate analysis revealed that each immunopositivity for six acetylation 

antibodies was not related with male age, sperm concentration, motility, TMC, strict 

morphology or sperm DFI. Moreover, each immunopositivity for six acetylation 

antibodies was not related with HAT or HDAC activity. HAT activity showed a 

negative relationship with HDAC activity (r = -0.51, p < 0.01). Among the 

conventional sperm parameters, a negative correlation was observed between strict 

morphology and sperm DFI (r = -0.43, p < 0.02). 

 

Strict morphology was insignificantly correlated with HAT (r = -0.34, p = 0.053) 

and HDAC (r = 0.34, p = 0.052) activity but showed a negative correlation with 

acetylation enzyme index (r = -0.53, p < 0.01). This relation still exists after 

adjusting sperm DFI (p < 0.01) or after adjusting sperm DFI, HAT and HDAC 

activity (p < 0.01) by multivariate analysis. 

 

Sperm DFI was positively correlated with HAT activity (r = 0.44, p < 0.02), but not 

with HDAC activity. A multivariate analysis was performed to show a relation of 

sperm DFI with HAT or HDAC activity, and the relation was found still be 

maintained; sperm DFI = 0.2 [HAT] - 1.1 [HDAC] - 32.1 (p < 0.05). 

 

Nineteen men were smokers (57.6%, 19/33), and the conventional semen 

parameters, six acetylation levels and HAT/HDAC activity were not different 

between smokers and non-smokers, except semen volume (3.0 ± 1.2 mL vs. 3.8 ± 
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1.2 mL, p = 0.04). 
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Discussion 

 

For the first time, our work for the first time demonstrated a relationship between 

acetylation-associated enzyme activity and strict morphology or sperm DFI in 

ejaculated human sperm. Notably, a positive relationship between sperm DFI and 

HAT activity was found. Because HAT and HDAC activity had also a negative 

relationship, we performed a multivariate analysis, and the result showed that sperm 

DFI still had a statistically significant positive relationship with HAT activity after 

adjusting HDAC activity.  

 

Increased sperm DNA damage has been reported to be associated with a late 

paternal effect during the activation of male genome26, and sperm DFI has been 

implicated to be associated with IVF failure or miscarriage.27,28 Nonetheless, there 

have been no reports regarding the association of sperm DNA damage with sperm 

nuclear histone acetylation. Although, we failed to show direct association between 

DNA damage and histone acetylation, we demonstrated a relationship between 

acetylation-associated enzyme activity and sperm DFI, implying some association 

between nuclear histone acetylation and DNA damage. 

 

Approximately 15% of the DNA in ejaculated human sperm still bind to histone.15 

When histones are hyperacetylated, its affinity to DNA is decreased by losing their 

positive charges, thus active transcription might occur. However, if histones are 
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hyperacetylated, the histone-bound DNAs are less tightly compacted, thus being 

more susceptible to DNA damage. Our finding, a positive correlation between 

sperm DFI and HAT activity, strongly support this idea.  

 

Nonetheless, it is unclear why each acetylation level at six acetylation residue sites 

examined in the present study was not correlated directly with the sperm DFI. 

Furthermore, each acetylation level at six acetylation residue sites was not related 

directly with HAT or HDAC activity. Possibly, other specific residue sites that were 

not examined in the present study might exist, therefore, further study is needed to 

explore the acetylation of specific regions to give rise to higher susceptibility to 

DNA damage. A global measure of acetylation would clarify this issue since cross-

reactivity might occur between the six acetylation antibodies, and further studies are 

required.  

 

In the present study, HAT activity showed a strong negative relationship with 

HDAC activity in the ejaculated human sperm. Therefore, we propose the 

‘acetylation enzyme index’ as defined by HAT activity divided by HDAC activity; 

The higher this index, the more tendencies towards hyperacetylation would be 

expected in certain cells or tissues. Large variations in the acetylation enzyme index 

in this study might be due to a small number of study subjects. In the present study, 

the acetylation enzyme index was correlated only with strict morphology. Strict 

morphology in fact showed a negative relation with HAT activity and a positive 
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relation with HDAC activity, but they did not reach statistical significance. A 

multivariate analysis also revealed a significantly negative relationship between 

acetylation enzyme index and strict morphology after adjusting for sperm DFI, HAT 

and HDAC activity. Hence, the acetylation enzyme index could serve as an 

independent predictor related with sperm morphology. 

 

In the present study, we measured total activity of HAT and HDAC. Mammalian 

HDACs are classified into two major classes.29 Class I HDACs (HDACs 1, 2, 3, 8) 

are found exclusively in nucleus, whereas Class II HDACs (HDACs 4 to 7 and 9) 

are found in both nucleus and cytoplasm. Currently, there have been no reports 

whether specific sub-types of these enzymes exist in ejaculated human sperms, 

although it was previously reported that HDAC1 and HDAC6 are present in mouse 

testis.10 

 

H3K9ac has been reported to be present in spermatocytes as well as in elongating 

spermatids during murine spermatogenesis.30 It was also demonstrated to be present 

in spermatogonia, spermatocytes, elongating spermatids and even ejaculated sperm 

of fertile and infertile men.24 In that study, H3K9ac marks on retained histones are 

associated with specific regions of the sperm genome, defining an epigenetic code 

that may influence gene expression directly after fertilization. Although the exact 

expression levels were not described in that study, they did not find any differences 

in the H3K9ac expression pattern between normal and impaired spermatogenesis, or 



27 

 

between ejaculated sperm from fertile donors and infertile patients.  

 

Hecht et al.22 investigated the expression of H4K5ac, H4K8ac, H4K12ac and 

H4K16ac in human testis samples from azoospermic men undergoing biopsy and 

ejaculates from fertile donors. All of those antibodies revealed positive signals in 

round and elongating spermatids as well as ejaculated sperm. Human spermatogonia 

showed positive signals for H4K8ac and H4K16ac. In that report, the mean 

positivity in ejaculated sperm differed greatly between the four antibodies; 17.4% 

for H4K5ac, 14.4% for H4K8ac, 23.6% for H4K12ac, and 92% for H4K16ac. It is 

noted that the mean expression levels of H4K5ac (15.6%), H4K8ac (15.9%) and 

H4K12ac (15.4%) in our study were similar but H4K16ac positivity (18.1%) was 

much lower than those of reported by Hecht et al.22 

 

The reason for such discrepancy is not clear. Hecht et al.22 assessed H4 acetylation 

patterns in ejaculates from fertile donors, whereas our samples were obtained 

entirely from men participating in IVF treatment and after swim-up procedure, and 

all exhibited normozoospermic feature at routine semen analysis. The potential bias 

might occur within this cohort as a result of being recruited from an IVF setting. It 

is unclear whether different characteristics of study subjects or different sperm 

processing procedures lead to such discrepancy. Currently, we are in a process to 

measure sperm acetylation state and histone-protamine configuration before and 

after swim-up in both fertile donors and infertile males because normative data in 
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human are still lacking. 

 

Since male smokers are approximately 50% in our IVF clinics, such a high percent 

(57.6%) in our cohort is not surprising. Although our sample size of subjects was 

rather small, semen volume was significantly lower in smokers. The impact of 

smoking on female fecundity and reproduction has become apparent, but the 

relation between smoking and decreased male fertility is not conclusive.31 

Nonetheless, a few studies reported that cigarette smoking is associated with a 

decrement of ejaculate volume, sperm concentration, motility, percentage of normal 

forms, and vitality.32-34 

 

In IVF treatment, routine analysis for sperm characteristics has been known to be a 

poor predictive factor for fertilization, embryo development, and even implantation 

and miscarriage.15 Nonetheless, it has been understood that some cases of IVF 

failure appear to be due to paternal factors.35,36 Epigenetic modification of the 

ejaculated sperm has not been well understood from the viewpoint of male 

infertility and the area of ART. Further research is required to evaluate the clinical 

relevance of a sperm acetylation test. Further understanding of the transfer of 

epigenetic mechanisms from sperm to embryos will provide more insight into 

potential contribution of paternal factor.  
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문  

스  아 틸  정  발생 과정에  후생학적 조절 전  

한 역할  한다고 알 져 다. 는 아 틸전달효  

탈아 틸화효 에 해 조절 다. 남  과 보조생식술 야에  

정  후생학적 조절 전에 한 연 는  단계 , 특  

체 수정시술에  정  스  아 틸  진단적 도  또는 후적 

 상적 가치에 한 연 는 진행 지 않  실정 다. 본 

연 에 는 공여 정 를 상  스  아 틸  벨과 스  

아 틸전달효 , 탈아 틸화효  활동  측정하고, 그것  다른 정액 

변수들과 어  상 계를 가지는지 알아보고  하 다. 정상적  상태  

33  공여 정  샘플  swim-up 방법  처리 후 농도, 운동 , 

정 정밀형태를 측정하 고, TUNEL 방법  DNA 절 지수를 

측정하 다. 여  종류  아 틸  항체  역형 염색하여 스  

아 틸  벨  측정하고,  키트를 하여 스  

아 틸전달효  탈아 틸화효  활 도를 측정하 다. 

역형 염색에  아 틸  벨  정  농도, 운동 , 정 정밀형태, 

DNA 절 지수, 스  아 틸전달효  탈아 틸화효  활 도  

상 계가 없었다. 스  아 틸전달효  활 도는 탈아 틸화효  

활 도   상 계를 보  (r = -0.51, p < 0.01), 정  DNA 

절 지수는 스  아 틸전달효  활 도  양  상 계를 보 다 
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(r = 0.038, p < 0.02). 또한, 정 정밀형태는 아 틸  효  

지수(= 스  아 틸전달효  활 도/탈아 틸화효  활 도)   

상 계를 보 다 (r = -0.53, p < 0.01). 본 연 에 는 스  

아 틸   효  활 도  정  형태 그리고 DNA 절 

지수   제시하 다. 향후 러한 정 에  스  

아 틸   변화가 정  수정 능  그리고 배아  발생 

능 과   는지에 한 연 가 필 할 것  생각 다.  

 

주 단어: 스  아 틸 , 아 틸전달효 , 탈아 틸화효 , DNA 

절 지수, 정  형태, 정  
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