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Abstract

Mammalian telomeres and subtelomeres are marked by heterochromatic epigenetic modifications, 

including repressive DNA methylation and histone methylation (e.g., H3K9me3 and H4K20me3). 

Loss of these epigenetic marks results in increased rates of telomere recombination and 

elongation. Other than these repressive epigenetic marks, telomeric and subtelomeric H3 and H4 

are underacetylated. Yet, whether histone acetylation also regulates telomere length has not been 

directly addressed. We thought to test the effects of histone acetylation levels on telomere length 

using histone deacetylase (HDAC) inhibitor (sodium butyrate, NaB) that mediates histone 

hyperacetylation and histone acetyltransferase (HAT) inhibitor (C646) that mediates histone 

hypoacetylation. We show that histone hyperacetylation dramatically elongates telomeres in wild-

type ES cells, and only slightly elongates telomeres in Terc−/− ES cells, suggesting that Terc is 

involved in histone acetylation-induced telomere elongation. In contrast, histone hypoacetylation 

shortens telomeres in both wild-type and Terc−/− ES cells. Additionally, histone hyperacetylation 

activates 2-cell (2C) specific genes including Zscan4, which is involved in telomere recombination 

and elongation, whereas histone hypoacetylation represses Zscan4 and 2C genes. These data 

suggest that histone acetylation levels affect the heterochromatic state at telomeres and 

subtelomeres, and regulate gene expression at subtelomeres, linking histone acetylation to 

telomere length maintenance.

Mammalian telomeres contain repetitive G-rich sequences and associated proteins at the 

ends of linear chromosomes (Blackburn, 2001). Telomeres protect chromosome ends and 

maintain chromosomal stability (Palm and de Lange, 2008). Telomere length maintenance is 

primarily achieved by telomerase that adds telomere repeats de novo during each cell 
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division, counteracting telomere erosion (Chan and Blackburn, 2002). Telomere length also 

can be maintained by telomerase-independent mechanisms, including an alternative 

lengthening of telomeres (ALT) mechanism, based on homologous recombination between 

telomere repeats (Muntoni and Reddel, 2005).

Telomeres and subtelomeres are densely compacted with repressive DNA methylation and 

histone modifications, forming condensed heterochromatin structures (Blasco, 2007). 

Differential abundance of those epigenetic modifications at telomeres and subtelomeres 

contributes to the formation of a “closed” or “open” chromatin state, regulating telomere 

length, possibly through regulating the access of telomerase to telomeres or the ALT 

mechanism (Blasco, 2007). Mouse embryonic stem (ES) cells deficient for DNA 

methyltransferases Dnmt1 or Dnmt3a/3b exhibit reduced DNA methylation at subtelomere 

regions, increased telomere recombination as indicated by telomere sister-chromatid 

exchange (T-SCE), and elongated telomeres (Gonzalo et al., 2006). Repressive histones 

H3K9me3 and H4K20me3, as well as heterochromatin protein 1 isoforms, are also enriched 

at condensed heterochromatin regions (Blasco, 2007). H3K9me3 and H4K20me3 are 

detected at satellite, telomeres, and active long-terminal repeats, and can spread to proximal 

unique sequences (Mikkelsen et al., 2007). Mouse embryonic fibroblast (MEF) cells lacking 

Suv39h1 and Suv39h2 histone methyltransferases (HMTs), which govern methylation of 

heterochromatic H3K9me3, show abnormal telomere lengthening and increased T-SCE 

(Garcia-Cao et al., 2004), suggesting an essential role ofH3K9me3 in suppression of 

telomere length. Similarly, mouse ES and MEF cells deficient for Suv4-20h2 HMTs that is 

responsible for trimethylating H4K20 display abnormally elongated telomeres and increased 

T-SCE (Benetti et al., 2007). Furthermore, mouse MEF cells deficient for all three members 

of retinoblastoma gene family (RB1, RBL1 and RBL2) also exhibit decreased levels of 

H4K20me3 at telomeres and global reduction of DNA methylation, accompanied by 

aberrantly elongated telomeres (Gonzalo and Blasco, 2005). In addition, mammalian 

telomeres and subtelomeres are bound by low levels of acetylated H3 (AcH3) and H4 

(AcH4) (Blasco, 2007; Wong, 2010). However, whether histone acetylation also participates 

in telomere length regulation in ES cells remains elusive.

ES cell cultures are a heterogeneous mixture of metastable cells with fluctuating activation 

of 2-cell embryo specific genes (2C-genes) and endogenous transposable element (TE) 

activities (Macfarlan et al., 2012; Torres-Padilla and Chambers, 2014), suggesting that ES 

cells in the 2C-state might resemble the totipotent zygotes/2C-stage embryos. In this regard, 

the 2C-state was postulated as a “super” state of ES cells (Surani and Tischler, 2012). 

Zscan4, specifically expressed in ES cells and 2-cell embryos (Falco et al., 2007; Zalzman et 

al., 2010), and highly enriched within 2C::tdTomato+ mouse ES cells (Macfarlan et al., 

2012), can also faithfully represent the 2C-state of mouse ES cells. Zscan4 is only expressed 

in about 3–5% of ES cells at any given time, and Zscan4+ and Zscan4− ES cells can 

interconvert to each other and nearly all ES cells activate Zscan4 at least once during nine 

passages (Zalzman et al., 2010). Without intermittent activation of Zscan4, embryos delay 

preimlantation development and ES cells lose their ability to proliferate indefinitely (Falco 

et al., 2007; Zalzman et al., 2010), suggesting that the equilibrium between the 2C-state and 

canonical ES state is essential for properembryonic development. The major function of 
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transient Zscan4 expression in ES cells is telomere lengthening by recombination involving 

T-SCE (Zalzman et al., 2010).

We find that histone acetylation positively regulates telomere length by Zscan4/2C-mediated 

telomere recombination as well as up-regulation of Terc.

Material and Methods

Mouse ES cells

ES cells were cultured as described (Dan et al., 2013; Dan et al., 2014). The ES cell culture 

medium consisted of knock-out DMEM (Gibco, Grand Island, NY) with 15% FBS 

(Hyclone, Grand Island, NY), 1000 U/ml mouse leukemia inhibitory factor (LIF) (ESGRO, 

Chemicon), 0.1 mM non-essential amino acids, 0.1 mM β-mercaptoethanol, 1 mM L-

glutamine, and penicillin (100 U/ml) and streptomycin (100 µg/ml). The culture medium 

was changed daily and ES cells routinely passaged every 2 days. Histone deacetylase 

specific inhibitor sodium butyrate (NaB) (B5887, Sigma–Aldrich, Saint Louis, MO) was 

dissolved in water and histone acetyltransferase specific inhibitor C646 (SML0002, Sigma–

Aldrich, Saint Louis, MO) dissolved in DMSO. NaB at 0.2 mM or C646 at 12.5 µM was 

added to ES culture medium during experiments.

Vector constructs

A putative Zscan4c promoter containing the 2570 bp upstream sequences from Zscan4c start 

codon (Zalzman et al., 2010) was amplified from mouse ES cell genomic DNA with 

TransStar Fastpfu polymerase (Transgene, Beijing, China) using the following primers: 

forward: AGAGATGCTTCTGCATCTGT; reverse: TGTGGTGACAATGGTGTGAAAG. 

The PCR product was inserted into pEGFP-1 vector at SalI/KpnI sites. The vector was 

designated as pEGFP-1-Zscan4. The 2570 full-length putative Zscan4c promoter was cut 

using SacI/SmaI enzymes from pEGFP-1-Zscan4 and inserted into pGL3-basic vector 

containing several base pairs from pEGFP-1 vector, and the luciferase vector named as 

pGL3-Zscan4.

Generation of pZscan4-EGFP cells

The pEGFP-1-Zscan4 vector was linearized by XhoI digestion and purified by PCR 

purification kit (Transgene, Beijing, China). Feeder-free J1 ES cells were transfected with 2 

µg linearized vector using Lipofectamine 2000 (Invitrogen, Grand Island, NY) and selected 

with 400 µg/ml G418 (Invitrogen) for 2 weeks, and a clone with bright green fluorescence 

was picked and expanded for further experiments.

FACS analysis of Zscan4 positive ES cells

Zscan4-EGFP J1 ES cells (1 × 105 per well in 12-well plate) were cultured with or without 

0.2 mM sodium butyrate (NaB) or 12.5 µM C646, or valproic acid (VPA, HDAC inhibitor) 

at various concentrations for 48 h, and analyzed for percentage of Zscan4-positive cells by 

fluorescence activated cell sorting using BD FACSAria.
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Luciferase reporter assay

Feeder-free Zscan4-EGFP J1 ES cells (1 × 105 per well in 24-well plate) were transfected 

with 0.8 µg pGL3-Zscan4 vector and 8 ng pRL-SV40 vector (as control) using 

Lipofectamine 2000 (Invitrogen, Grand Island, NY) according to manufacturer’s 

instructions. Transfected J1 ES cells were lysed 24 h later with 1 × PLB (positive lysis 

buffer, Promega, Madison, WI), shaken for 15 min, and then centrifuged at 13,000 rpm for 

10 min at 4°C. The supernatants were collected and analyzed for luciferase activity by dual 

luciferase reporter assay according to manufacturer’s instructions (E1910, Promega).

Western blot

Cells were washed twice in PBS, collected, lysed and boiled in SDS sample buffer at 

99°Cfor 5 min. Equal amount of proteins of each cell extracts were resolved by 10–12% 

Bis-Tris SDS-PAGE and transferred to polyvinylidene difluoride membrane (PVDF, 

Millipore, Billerica, MA). Non-specific binding was blocked by incubation in 5% skim milk 

in TBST at room temperature for 1–2 h. Blots were then probed with various primary 

antibodies, AcH3 (06-599, Millipore, Billerica, MA), H3K9me3 (ab8898, Abcam, 

Cambridge, UK), Zscan4 (#5114, custom-made), Histone H3 (ab1791, Abcam, Cambridge, 

UK) and β-actin (P30002, Abmart, Shanghai, China) by overnight incubation at 4°C in 5% 

skim milk in TBST. Immunoreactive bands were then probed for 1–2 h at room temperature 

with the appropriate horseradish peroxidase-conjugated secondary anti-Rabbit IgG-HRP 

(GE Healthcare, NA934V, Piscataway, NJ). The protein bands were detected by Enhanced 

ECL Amersham™ prime Western blotting detection reagent (GE Healthcare, RPN2232).

Gene expression analysis by quantitative real-time PCR

Total RNA was isolated from cells using RNeasy mini kit (Qiagen, Hilden, Germany). Two 

micrograms of RNA were subjected to cDNA synthesis using M-MLV Reverse 

Transcriptase (Invitrogen). Real-time quantitative PCR reactions were set up with the 

FastStart Universal SYBR Green Master (ROX) (Roche, Basel, Switzerland) and run on the 

iCycler iQ5 2.0 Standard Edition Optical System (Bio-Rad, Hercules, CA) using primers 

(Table S1). β-actin served as the internal control.

Telomere quantitative fluorescence in situ hybridization (QFISH)

Telomere length and function (telomere integrity and chromosome stability) were estimated 

by QFISH. Cells were incubated with 0.5 µg/ml nocodazole for 1.5 h to enrich cells at 

metaphase. Chromosome spreads were made by a routine method. Metaphase-enriched cells 

were exposed to hypotonic treatment with 75 mM KCl solution, fixed with methanol:glacial 

acetic acid (3:1) and spread onto clean slides. Telomere FISH and quantification were 

performed as described previously (Poon et al., 1999), except for FITC-

labeled(CCCTAA)peptide nucleic acid (PNA) probe used in this study. Telomeres were 

denatured at 80°C for 3 min and hybridized with telomere specific PNA probe (0.5 µg/ml) 

(Panagene, Korea). Chromosomes were counter-stained with 0.5 µg/ml DAPI. Fluorescence 

from chromosomes and telomeres was digitally imaged on a Zeiss microscope with FITC/

DAPI filters, using AxioCam and AxioVision software 4.6. (Carl Zeiss, Oberkochen, 

Germany) For quantitative measurement of telomere length, telomere fluorescence intensity 
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was integrated using the TFL-TELO program (gift kindly provided by P. Lansdorp, Terry 

Fox Laboratory, Vancouver, Canada).

Immunofluorescence microscopy

Zscan4-EGFP J1 ES cells were washed twice in phosphate buffered saline (PBS), then fixed 

in freshly prepared 3.7% paraformaldehyde in PBS (pH 7.4) for 15 min on ice, 

permeabilized in 0.1% Triton X-100 (Sigma–Aldrich, Saint Louis, MO) in blocking solution 

(3% goat serum plus 0.5% BSA in PBS) for 30 min at room temperature, washed three times 

(each for 15 min), and left in blocking solution for 1 h. Cells were then incubated overnight 

at 4°C with primary antibodies against Oct4 (sc5279, Santa Cruz, Santa Cruz, CA), Nanog 

(ab80892, Abcam), Sox2 (AB5603, Millipore), washed three times (each for 15 min), and 

incubated for 1 h with secondary antibodies, Alexa Fluor 568 Goat anti-Rabbit (A-11011, 

Invitrogen, Grand Island, NY), or Texas red conjugated anti-mouse IgG (Vector, TI-2000, 

Burlingame, CA), diluted 1:200 with blocking solution. Samples were washed, and 

counterstained with 0.5 µg/ml Hoechst33342 (H1398, MP) in Vectashield mounting 

medium. Fluorescence was detected and imaged using a Zeiss fluorescence microscope 

(AxioImager Z1).

ChIP-qPCR analysis

ChIP and data analysis were performed as we described previously (Dan et al., 2014), using 

primary antibody to AcH3 (06-599, Millipore). Normal Rabbit immunoglobulin G (IgG) 

(Santa Cruz, sc-2027) served as control. Briefly, control and NaB-treated mouse J1 ES cells 

(48 h) were fixed in freshly prepared 1% paraformaldehyde for 10 min at room temperature. 

Cells were harvested, and their nuclei extracted, lysed, and sonicated. DNA fragments were 

then enriched by immunoprecipitation with AcH3 antibody (06-599, Millipore). The eluted 

protein:DNA complex was reverse-crosslinked at 65°C overnight. DNA was recovered with 

a MiniElute column (Qiagen) after Proteinase and RNase A treatment. The ChIP-enriched 

DNA was analyzed by real-time PCR using primers for Zscan4c loci (Table S2) and relative 

occupancy was normalized to pan-H3 levels.

Statistical analysis

Data were analyzed by ANOVA and means compared by Fisher’s protected least-significant 

difference (PLSD) using the StatView software from SAS Institute, Inc. (Cary, NC). 

Significant differences were defined as P < 0.05, 0.01, or lower.

Results

Histone acetylation regulates telomere length of mouse ES cells

In order to address the effects of levels of histone acetylation on telomere length regulation, 

we used two commonly accepted small molecules, specific histone deacetylase (HDAC) 

inhibitor sodium butyrate (NaB) (Ware et al., 2009) and specific histone acetyltransferase 

(HAT) inhibitor C646 (Bowers et al., 2010). We confirmed that ES cells treated with NaB 

showed increased levels of acetylated H3 (AcH3) compared with controls by western blot 

analysis (Fig. 1A, upper and lower panels), whereas C646 treatment reduced levels of AcH3 

compared with DMSO treatment as vehicle control (Fig. 1B, upper and lower panels). Next, 
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we performed telomere quantitative fluorescence in situ hybridization (QFISH) (Poon et al., 

1999) to assess the effects of NaB or C646 on telomere length. NaB markedly elongated 

telomeres of ES cells (Fig. 1C and D). In contrast, C646 shortened telomeres in ES cells 

compared with DMSO treated controls, and also increased telomere loss (Fig. 1E and F). 

NaB decreased levels of H3K9me3 in ES cells (Fig. 1A), butC646 did not influence levels 

of H3K9me3 (Fig. 1B) based on western blot and quantification estimated by Bio-Rad 

Quantity One software. Loss of H3K9me3 led to abnormal telomere lengthening (Garcia-

Cao et al., 2004), suggesting that reduced levels of H3K9me3 may partly contribute to 

telomere elongation in NaB treated ES cells. Taken together, these data suggest that active 

epigenetic mark histone acetylation also regulates telomere length.

Telomerase activity is required in histone hyperacetylation-mediated telomere lengthening

Mammalian telomeres are primarily maintained by telomerase, which is expressed only in a 

subset of stem cells, including ES cells. We found that levels of histone acetylation mediated 

by NaB or C646 regulate telomere length in wild-type (WT) ES cells (Fig. 1). It was 

unclear, however, whether NaB or C646 influences telomere length by affecting telomerase 

activity. Thus, we analyzed expression levels of telomerase subunits Tert and Terc following 

NaB and C646 treatments. Expression of Tert and Terc remained at similar levels between 

C646 treated ES cells and DMSO controls (Fig. 2A). Expression levels of Tert were also not 

changed in NaB-treated ES cells, but Terc expression was upregulated compared with 

controls (Fig. 2A), suggesting that increased telomerase expression induced by NaB also 

may contribute to telomere elongation. Next, we analyzed telomere length in Terc−/− ES 

cells treated with NaB and C646. Terc−/− ES cells treated with C646 showed noticeable 

telomere shortening compared with DMSO-treated ES cells (Fig. 2B). However, NaB still 

elongated telomeres in Terc−/− ES cells (Fig. 2C), although to less extent than WT cells, 

further supporting the involvement of telomerase activity in histone hyperacetylation-

mediated telomere elongation.

Histone hyperacetylation activates Zscan4 and 2C-specific genes in ES cells

Telomeres lengthen rapidly in one- to two-cell stage embryos (Liu et al., 2007), and also 

may be driven by Zscan4-mediated telomere recombination or T-SCE (Zalzman et al., 

2010). Notably, both mouse 2C::tomato+ mouse ES cells and 2C embryos show increased 

levels of AcH3 and AcH4 compared with 2C::tomato− mouse ES cells and oocytes, 

respectively (Wiekowski et al., 1997; Macfarlan et al., 2012), suggesting that Zscan4/2C 

also could be responsible for histone hyperacetylation-mediated telomere recombination and 

lengthening. In this regard, we tested whether Zscan4 expression can be regulated by histone 

acetylation levels. Zscan4, as well as several other 2C specific genes, including MuERV-L, 

Tcstv1/3, Gm4340, Dub1, all were regulated by the levels of histone acetylation following 

NaB and C646 treatment as analyzed by qPCR (Fig. 3A). Western blot analysis confirmed 

that Zscan4 protein was increased following NaB treatment, and decreased by C646 

treatment (Fig. 3B). Zscan4 expression levels correlate with telomere length and knockdown 

of Zscan4 in ES cells shortens telomeres (Zalzman et al., 2010; Wang et al., 2012; Dan et 

al., 2014; Yin et al., 2014), while overexpression of Zscan4 alone in ES cells or coupled 

with Yamanaka factors during iPS induction elongates telomeres (Zalzman et al., 2010; 

Jiang et al., 2013). These data suggest that Zscan4-driven telomere recombination might be 
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responsible for telomere elongation, regulated by the levels of histone acetylation in mouse 

ES cells.

Histone acetylation regulates Zscan4 promoter activity

Next, we examined whether the Zscan4+/2C state of mouse ES cell culture was regulated by 

histone acetylation levels using a Zscan4c promoter-driven EGFP (Zscan4-EGFP) reporter 

ES cell line that has been shown to faithfully recapitulate the endogenous Zscan4 expression 

(Zalzman et al., 2010; Dan et al., 2013; Dan et al., 2014). Flow cytometry analysis 

confirmed that about 3–5% ES cells expressed Zscan4 at any given time (Fig. 4A and B), 

consistent with a previous report (Zalzman et al., 2010). Remarkably, histone 

hyperacetylation increased the percentage of Zscan4 positive ES cells by nearly threefold, 

reaching almost 12% of the ES cell population. Mean fluorescence intensity (MFI) of 

Zscan4+ ES cells also increased following NaB treatment of ES cells compared with 

controls (Fig. 4A–C). In contrast, histone hypoacetylation reduced the percentage of 

Zscan4+ cells and MFI of Zscan4+ cells following C646 treatment compared with DMSO 

controls (Fig. 4A–C). Valproic acid (VPA), another HDAC inhibitor, also increased the 

percentage of Zscan4+ ES cells and the MFI of Zscan4+ cells (Supplementary Fig. S1). 

Moreover, the increase in percentage of Zscan4+ cells was VPA concentration dependent 

(Supplementary Fig. S1A and B). Consistently, Zscan4 promoter activity analyzed by dual 

luciferase assay increased in NaB treated ES cells, but decreased in C646 treated ES cells 

compared with controls (Fig. 4D). The 2C state ES cells lack Oct4, Nanog, Sox2 core 

pluripotent protein labeling despite minimal changes in their mRNA levels (Macfarlan et al., 

2012), indicating post-transcriptional regulation of these three core factors. Independently, 

we also confirmed the involvement of post-transcriptional regulation of Oct4, Nanog and 

Sox2 in Zscan4+/2C state ES cells (Supplementary Fig. S2). Collectively, levels of histone 

acetylation regulate Zscan4+/2C state of mouse ES cells and Zscan4 promoter activity.

Histone acetylation regulates Zscan4 expression by binding to Zscan4 promoter

Further analysis of the genes activated by histone hyperacetylation and repressed by histone 

hypoacetylation in Figure 3A identified that some of the genes, including Zscan4, Tcstv1, 

and Tcstv3, are located at subtelomeric regions, and Zscan4 gene clusters located at 

subtelomeric regions of chromosome 7. We hypothesized that histone hyperacetylation at 

Zscan4 promoter located at subtelomeric regions may induce a less condensed chromatin 

state and thus activation of Zscan4 expression. We performed chromatin 

immunoprecipitation (ChIP)-qPCR in ES cells using AcH3 antibody and 10 primer pairs 9 

kb upstream of Zscan4c translational initiation code. Indeed, the AcH3 occupancy at Zscan4 

proximal promoter regions increased following NaB treatment (Fig. 4E), supporting the 

notion that Zscan4 expression can be positively regulated by histone hyperacetylation.

Discussion

Our data suggest that histone acetylation affects the heterochromatic state at telomeres and 

subtelomeres, and regulates the expression of nearby genes, including Zscan4.
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Heterochromatin is found near centromeres, telomeres, and subtelomeres. Telomeres and 

subtelomeres are densely compacted with repressive DNA methylation and histone 

modifications (e.g., H3K9me3 and H4K20me3) that are important negative regulators of 

mammalian telomere length (Blasco, 2007; Wong, 2010). Moreover, these repressive DNA 

methylation and histone modifications at subtelomeric regions inhibit expression of nearby 

genes, recognized as telomere position effects (TPE) (Baur et al., 2001; Koering et al., 

2002). Interestingly, we have previously demonstrated that reduction of DNA methylation or 

levels of H3K9me3 in mouse ES cells results in upregulation of Zscan4 and telomere 

elongation (Dan et al., 2013; Dan et al., 2014), providing evidence supporting the conclusion 

that TPE is influenced by repressive epigenetic marks, and suggesting that Zscan4 links 

reduced levels of repressive epigenetic marks, telomere recombination and telomere 

elongation. Interestingly, besides Zscan4, other 2C-specific genes regulated by endogenous 

retrovirus elements (Macfarlan et al., 2012) are also located at subtelomeric or centromeric 

regions enriched with repeat sequences. Our data show that histone hyperacetylation 

activates Zscan4+/2C-state in mouse ES cells likely by facilitating formation of a less 

condensed heterochromatin state at subtelomeres, which in turn de-represses subtelomeric 

genes, including Zscan4 and Tcstv1/3. In addition, NaB treatment results in upregulation of 

Terc expression. Zscan4-mediated telomere recombination and increased accessibility of 

telomerase to telomeres together may be responsible for notable telomere elongation 

following NaB-mediated histone hyperacetylation.

Consistently, chemical-induced histone acetylation can promote reprogramming to 

pluripotency as well as telomere elongation. The 2C genes are not properly activated in 

some cloned embryos (Suzuki et al., 2006), but cloned embryos treated with HDAC 

inhibitor or deficient for lysine-specific demethylase Lsd1/Kdm1a show enhanced 

reprogramming efficiency (Li et al., 2009; Shao et al., 2009). Both NaB-mediated 

hyperacetylation employed in the present study and Lsd1/Kdm1a deficiency in mouse ES 

cells (Macfarlan et al., 2011) derepress 2C-specific genes. Macfarlan et al. (2012) suggests 

that overexpression of one or several 2C stage specific genes or inhibition of other 2C gene 

repressors could be useful strategies to facilitate reprogramming when combined with 

Yamanaka factors. Indeed, forced expression of Zscan4 combined with Yamanaka factors 

enhances efficiency of iPS reprogramming from mouse fibroblasts (Hirata et al., 2012; Jiang 

et al., 2013), and improves the quality of iPS cells tested by tetraploid complementation 

(Jiang et al., 2013). Moreover, HDAC inhibitors VPA and butyrate can greatly enhance iPS 

cell reprogramming efficiency (Huangfu et al., 2008; Liang et al., 2010; Mali et al., 2010). 

Notably, trichostatin A (TSA), another HDAC inhibitor, facilitates telomere elongation in 

cloned embryos and pigs by somatic cell nuclear transfer (Kong et al., 2014), and also 

telomere lengthening in the resultant nuclear transfer ES cells generated from telomerase 

haplo-insufficient cells (Sung et al., 2014). It is possible that histone hyperacetylation by 

histone deacetylase inhibitors may have contributed to enhanced iPS reprogramming 

efficiency as well as telomere elongation and maintenance of pluripotent stem cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Histone acetylation regulates telomere length in ES cells. (A) Western blot analysis of 

protein levels of AcH3 and H3K9me3 following treatment of sodium butyrate (NaB) in ES 

cells (upper panel). Relative protein quantity of AcH3 and H3K9me3 normalized to H3 (H3 

was arbitrarily set as 1.0) following NaB treatment was estimated by Bio-Rad Quantity One 

software (lower panel) (three replicates). ES cells were treated with 2 mM NaB in ES 

medium for 48 h, and total cell lysate used for western blot analysis. (B) Western blot 

analysis of protein levels of AcH3 and H3K9me3 following treatment of C646 in ES cells 

(upper panel). Relative protein quantity of AcH3 and H3K9me3 normalized to H3 (H3 was 

arbitrarily set as 1.0) following C646 treatment was estimated by Bio-Rad Quantity One 
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software (lower panel) (three replicates). ES cells were treated with 12.5 µM C646 in ES 

medium for 48 h, and total cell lysates used for western blot analysis. A, B, values indicate 

mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 compared to water controls, analyzed by 

ANOVA and PLSD analysis. (C, E) QFISH images of wild-type ES cells treated with NaB 

(C) or C646 (E), compared with control or DMSO vehicle controls, respectively. (D, F) 

Distribution histogram of relative telomere length of wild-type ES cells treated with NaB 

(D) or C646 (F), compared with water or DMSO served as controls, respectively, analyzed 

by telomere Q-FISH and the TFL-TELO software. Significant differences (P < 0.0001) were 

analyzed by ANOVA and PLSD analysis using Statview software compared to controls. 

TFU, arbitrary telomere fluorescence unit. Upper right hand corner, the average length ± 

SD. Arrows on Y-axis, frequency of telomere loss.
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Fig. 2. 
Histone acetylation regulates telomere length in Terc−/− deficient ES cells. (A) QPCR 

experiment showed relative expression levels of Terc and Tert following NaB and C646 

treatment in ES cells. Terc was upregulated in NaB treated ES cells compared to control ES 

cells (n = 4 replicates for each). Values indicate mean ± SEM. ***P < 0.001, compared to 

controls, analyzed by ANOVA and PLSD analysis using Statview software. (B, C) 

Distribution histogram of relative telomere length of Terc−/− ES cells (F19, first generation 

telomerase deficient (G1) Terc−/− ES cells) treated with C646 (B) or NaB (C) compared 

with DMSO or water controls, respectively, analyzed by telomere Q-FIS H and the TFL-

TELO software. TFU, arbitrary telomere fluorescence unit. Upper right hand corner, the 
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average length ± SD. Arrows on Y-axis, frequency of telomere loss. Significant differences 

were analyzed by ANOVA and PLSD analysis using Statview software.
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Fig. 3. 
Histone acetylation regulates expression of Zscan4 and other 2C genes. (A) QPCR 

experiment showed that histone acetylation regulates 2-cell specific genes in ES cells treated 

with NaB and C646 (n = 3 replicates for each). Values indicate mean ± SEM. **P < 0.01, 

***P < 0.001 compared to water controls, analyzed by ANOVA and PLSD analysis. (B) 

Western blot experiment showed that NaB treatment in ES cells increased the protein level 

of Zscan4 (upper panel) (three replicates), while C646 treatment decreased the protein level 

of Zscan4 (lower panel) (two replicates).
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Fig. 4. 
Histone acetylation regulates Zscan4 promoter activity and 2C state of mouse ES cells. (A) 

Representative flow cytometry showing the percentage of Zscan4+ cells following NaB and 

C646 treatments for 48 h in Zscan4-EGFP J1 ES cells. Each one representative plot from 

four independent replicates is shown. (B) Percentage of Zscan4+ ES cells increases about 

three fold following NaB treatment, but decreases following C646 treatment. (C) Mean 

fluorescence intensity (MFI) of Zscan4+ cells increases remarkably following NaB 

treatment, but decreases following C646 treatment. B, C, four independent replicates; 
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Values indicate mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 analyzed by ANOVA 

and PLSD analysis compared to water controls. (D) Zscan4c promoter activity increases 

following NaB treatment, but decreases following C646 treatment, as determined by dual-

luciferase reporter assay (n = 4 replicates for each). Values indicate mean ± SEM. *P < 0.05, 

**P < 0.01, ***P < 0.001 analyzed by ANOVA and PLSD analysis compared to water 

controls. (E) ChIP-qPCR assay of AcH3 binding at proximal Zscan4 promoter in control and 

NaB treated ES cells (10 primer pairs 9 kb upstream of the Zscan4c proximal promoter were 

selected, shown as primer pairs A to J) (n = 3 replicates for each). Values indicate mean ± 

SD. TSS: Transcription Start Site.
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