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Specific gene transcription is a key biological process that underlies cell fate decision during embryonic development. The biological process is mediated by transcription factors which bind genomic regulatory regions including enhancers and promoters of cardiac constitutive genes. DNA is wrapped around histones that are subjected to chemical modifications. Modifications of histones further lead to repressed, activated or poised gene transcription, thus bringing another level of fine tuning regulation of gene transcription. Embryonic Stem cells (ES cells) recapitulate within embryoid bodies (i.e., cell aggregates) or in 2D culture the early steps of cardiac development. They provide in principle enough material for chromatin immunoprecipitation (ChIP), a technology broadly used to identify gene regulatory regions. Furthermore, human ES cells represent a human cell model of cardiogenesis. At later stages of development, mouse embryonic tissues allow for investigating specific epigenetic landscapes required for determination of cell identity. Herein, we describe protocols of ChIP, sequential ChIP followed by PCR or ChIP-sequencing using ES cells, embryoid bodies and cardiac specific embryonic regions. These protocols allow to investigating the epigenetic regulation of cardiac gene transcription.

Introduction

The heart is the first organ to be formed and to become functional in the embryo. The heart is built from many cell lineages that arise from the first and second embryonic heart fields 1 . From the post-fertilization blastocyst stage up to the shaped heart, embryonic cells have thus to make many cell fate decisions. Gene transcription is regulated in a time-and space-dependent manner and is a key biological process that underlies cell fate decision during embryonic development. Such a process is mediated by specific transcription factors which bind regulatory regions within the genome including enhancers and promoters of cardiac constitutive genes. DNA is wrapped around histones that are subjected to modifications such as acetylation, methylation, ubiquitinylation, and/or phosphorylation. Histone modification leads to repressed, activated or poised gene transcription depending upon which lysine residue of histone is modified 2 .

Chromatin immunoprecipitation assay (ChIP) has been set up years ago 3 and is currently the most broadly used technology in order to identify targets of either modified histones or transcription factors 4

. Following immunoprecipitation of histones or transcription factors, bound DNA can be either amplified by polymerase chain reaction (PCR) or sequenced. ChIP has technically overcome more challenging gel retardation assays 5 . However ChIP does not imply direct binding of a transcription factor to DNA, an advantage of gel retardation assay. On the other hand, ChIP combined to DNA sequencing has opened a new genome-wide perspective on gene regulation.

ES cells (ES cells

) recapitulate within embryoid bodies (i.e., cell aggregates) or in 2D culture the early steps of cardiac development 6 and provide in principle enough material for ChIP. Furthermore, human ES cells represent a human cell model of cardiogenesis although their cardiogenic potential depends upon their epigenetic signature 7

. At later stages of development, mouse embryonic tissues allow for investigating specific epigenetic landscapes required for determination of cell identity. However, the genome is transcribed in a time-and cell type-specific manner 8 . Epigenetic regulation of gene transcription has to be studied within localized regions. Herein, we describe protocols of ChIP, sequential ChIP followed by PCR or sequencing using ES cells, embryoid bodies and cardiac specific embryonic regions. These protocols allow to investigating the epigenetic regulation of cardiac gene transcription.

ES cells and embryonic heart tissues dissected from E9.5 mouse embryos (atrioventricular canal, outflow tract and ventricle) using 1% formaldehyde in PBS for cells or in permeabilization PB2 buffer for embryonic tissues. Place the tubes on orbital shaker at a speed of 60 rpm at room temperature for exactly 10 min. 2. Stop the cross-linking reaction by adding glycine to a final concentration of 125 mM and incubate for 5 min at room temperature on the orbital shaker at a speed of 60 rpm.

Cell Lysis and Chromatin Fragmentation

1. Wash twice cross-linked cells resuspended in 10 ml PBS 1x or embryonic tissues resuspended in 1 ml PB2. Centrifuge at 1,000 x g for 5 min at 4 °C. Discard the supernatants. 2. Add protease inhibitors to buffer PB1 or PB2 (2 µg/ml Leupeptin, 1 µg/ml Aprotinin, and 0.1 mM PMSF) (Table 1). Resuspend the cell pellet or embryonic tissue from step 2.1 in 1 ml of Buffer PB1 or PB2 respectively. Pipet up and down and resuspend the cells or tissues. Use a 1 ml syringe with a 21 gauge needle to homogenize cells or tissue. Incubate at 4 °C (on a wheel) for 10 min. 3. Spin down at 3,000 x g for 5 min at 4 °C and discard the supernatant. 4. Resuspend the pellet in 300 µl of respective SB buffers (Table 1) supplemented with protease inhibitors in a clean tube (certified RNase-, DNase-, and pyrogen-free) to prevent any DNA degradation. Incubate for 15 to 30 min on ice. 5. Sonicate the samples at 4 °C to shear the chromatin using a sonicator according to programs listed in Table 2 for each material. Adjust sonication duration depending upon the next application (i.e., PCR or sequencing). Sheared DNA size should be around 500 bp for PCR and 300 bp for sequencing. 6. Centrifuge sonicated cell lysate for 10 min at 6,000 x g at 4 °C, transfer the supernatant (chromatin) in a clean 1.5 ml tube and discard the pellet. 7. Dilute the chromatin in solution (supernatant buffer B) for 10 times with water and assess the optical density using 1.5 µl in a nanospectrophotometer. Obtain the concentration of proteins in µg/µl using the following formula: 

Immunoprecipitation and Washes

1. Wash 3 times Protein A-conjugated beads with buffer C . Take 100 µl of beads in a clean 1.5 ml tube and add 1 ml of buffer C (Table 1). The tube is then transferred onto a magnet; wait for 1 min and aspirate the supernatant. Repeat twice the washing step.

Copyright 3) with 20 µl of washed Protein A conjugated beads and 1 ml of buffer C supplemented with protease inhibitors in a clean 1.5 ml tube. Set the samples on a rotator at 40 rpm for at least 2 hr at 4 °C. 3. Wash antibody-beads complexes 3 times with 1 ml of buffer C (manipulation described in 3.1). 4. Prepare 2 tubes, one containing 150 µg of chromatin and antibody-beads complexes and the other tube containing 150 µg of chromatin and 20 µl of washed beads; Add 1 ml of buffer C supplemented with protease inhibitors to each tube and incubate the samples on a rotating wheel at 40 rpm overnight at 4 °C. NOTE: The concentration of chromatin must be at least 300 µg to immunoprecipitate a transcription factor or for sequential ChIP. 

Standard

DNA Elution, Cross-link Reversal and Proteinase K Digestion

1. Set the samples in magnetic rack. Recover the supernatant containing unbound antibody chromatin. NOTE: Samples can be quickly frozen in liquid nitrogen at that step and stored at -80 °C. Chromatin can be used in other immunoprecipitation assays with other antibody. Wash each sample 3 times with 1 ml of buffer C (manipulation described before). 2. Elute the antibody-bound protein by adding 150 µl of buffer D1 or D2 if sequential ChIP has to be done (Table 1) to washed ChIP materials and incubate the samples for 20 min at 50 °C in a heating block. 3. Remove tubes from the heating block and put samples in the magnetic rack, recover the supernatant in a clean 1.5 ml tube (certified RNase-, DNase-, and pyrogen-free) and discard the beads. 4. Use supernatant for a sequential ChIP adding 1 to 3 µg of the second antibody in 2 volumes of buffer C or reverse crosslink by adding 5 M NaCl to obtain a final concentration of 200 mM. 5. Prepare an input sample of chromatin in a clean 1.5 ml tube (certified RNase-, DNase-, and pyrogen-free) taking the same amount of chromatin as that of the IP sample (150 µg) in a final volume of 150 µl of water (RNase DNase free water). Add 5M NaCl to a final concentration of 200 mM. Incubate samples overnight at 65 °C. 6. Next day, remove samples from the heating block, add 250 mM EDTA to obtain a final concentration of 12.5 mM and proteinase K to obtain a final concentration of 250 µg/ml in the ChIP material and digest at 55 °C for 2 hr in the heating block.

DNA Isolation Using DNA-binding Beads

1. Preparation of beads 1. Start to bring the beads at room temperature for at least 30 min, vortex the beads very thoroughly. Beads settle down, so work fast when pipetting. Transfer 1 ml of beads in clean 1.5 ml tube (certified RNase-, DNase-, and pyrogen-free). 2. Set on magnet, wait for 2 -3 min for the solution to clarify, discard supernatant. Remove from magnet, add 1 ml of 0.5 M EDTA and mix by brief vortexing. 3. Repeat step 5.1.2 twice, and discard supernatant at the end. 4. Remove from magnet, add 1 ml of buffer E and slowly resuspend the beads. Transfer the whole mix (beads in buffer E) into 50 ml of buffer E. Place on a shaker and let it mix slowly at room temperature for 1 hr. 5. Test DNA-binding beads following the purification protocol described below using 3 experimental conditions: 50 µl of beads/ 50 µl of DNA (1 volume/1 volume), 100 µl of beads/50 µl of DNA (2 volumes/1 volume) and 125 µl of beads/ 50 µl of DNA (2.5 volumes/1 volume). Let migrate purified DNA on a 1.5% agarose gel to check the size of the fragments (Figure 1A).

2. DNA Purification 1. Add 425 µl (2.5 volumes) of DNA binding magnetic beads to each DNA sample (about 170 µl). Resuspend slowly by pipetting up and down (about 10 times) and incubate at room temperature for 10 min. 2. Place on magnet for 5 min, then aspirate supernatant and discard (on magnet). 3. Add 600 µl of freshly made 80% ethanol to the tube on magnet, wait for 1 min, aspirate supernatant and discard and then repeat the previous step once more. 4. Give a quick spin, for 5 sec (microfuge), place the tube on magnet and remove the last drops of ethanol. Let dry for 1 min at RT 5. Elute the DNA by adding 20 µl of DNase RNase free water. Remove from magnet and vortex the sample. 6. Incubate for 3 min at room temperature and then place samples on magnet. Aspirate eluted DNA into a new tube (certified RNase-, DNase-, and pyrogen-free). 7. Run the DNA from the input fraction on a 1.5% agarose gel to check the size of DNA fragments (Figure 1B). . A file including all steps of calculations with formulas in which only each PCR sample can be entered will facilitate the analysis of results.

Representative Results

Figure 1A illustrates first the preparation of DNA-binding beads and quality control using DNA of different sizes (1 kb ladder). 0ne, 2 and 2.5 volumes (1 to 3) of beads was added to one volume of the sample to purify high and low molecular size DNA fragments. When ES cells differentiate toward a cardiac cell fate, they transit first through a mesendodermal and then a mesodermal state. Such a developmental journey includes a step by which epithelial cells have to undergo an epithelio-mesenchymal transition Figure 2 shows PCR results following immunoprecipitation of modified histones. The experiment was designed to look at the epigenetic regulation of epithelio-mesenchymal transition genes in wild type or gene-mutated cells when ES cells differentiate toward a mesodermal cell fate. Chromatin from wild type or mutated ES cells treated with a morphogen like BMP2 was immunoprecipitated using anti H3K4me1, H3K36me3 and H3K9me2 antibodies. Binding of modified histones is monitored by PCR of genomic (enhancers, A, B, C, D, E) regions of cadherin and twist genes.

Differentiation genes feature bivalent domains in ES cells 12 . Their 5' UTR regions close to their promoters are indeed occupied by both H3K4me3 a chromatin activating mark and H3K27me3, a repressed mark. These marks are modified when cells are challenged by morphogens such as BMP2 7 . These marks are however variable depending upon the human ES cells lines likely because of the original blastocyst they derive from even when undifferentiated (Figure 3). The protocols described above are suitable for ChIP sequencing even starting from a low amount of material; ChIP experiments were performed from chromatin extracted from AVC, OFT and ventricles of E9.5 mouse embryos in order to uncover novel genes and enhancers playing a role in defining the identity of these specific cardiac regions. Figure 4 shows 2 genomic regions of myocardial genes in the E9.5 mouse ventricle enriched by an acetylated H3K27 and of one pacemaker-specific (i.e., not ventricular) gene not enriched by acetylated H3K27.
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Discussion

Epigenetics has become an important field of research in developmental biology. How a genetic program is activated in embryonic cells to allow the cells to acquiring a specific identity within an embryonic lineage has been for long time a key question for developmental biologists.

ChIP has been broadly used within the last years and combined to DNA sequencing following improvement in resolution of sequencing. This has become a powerful technique in order to investigate in a genome wide dependent manner the epigenetic landscape of cells or specific embryonic and adult tissues. The ChIP assay buffers and sonication conditions have been greatly improved to allow assays for small amount of biological material. This includes specific regions of embryonic hearts obtained by microdissection or by FACS-sorted cells expressing a fluorescent reporter protein. Indeed ChIP performed on heterogeneous cell populations 1314 can lead to misleading results that are difficult to interpret. The epigenetic signature marks very accurately cell populations. That signature confers to them a specific potential of differentiation and determines their fate. It is thus important to work with purified (sorted) cell populations or dissected embryonic tissues.

We have described above robust protocols in order to achieve these goals. We have used these protocols for ChIP-PCR, ChIP on ChIP been optimized to ensure a complete cell and nuclear lysis and efficient chromatin sonication. The protocols can thus be used for small amount of embryonic tissues.

Limitations of these protocols are inherent to ChIP. More specifically, the spatial resolution is not very high with DNA sizes around 500 bp. However, it allows us to investigate the dynamics of bivalent domains in differentiating ES cells 7 and to reveal differences in enrichment of modified histones on EMT gene regulatory regions in wild type or gene-mutated cells. (Figure 2). Deep sequencing of immunoprecipitated DNA (Figure 4) partially overcomes this limitation.

Enrichment of a specific genomic region following immunoprecipitation of a transcription factor does not indicate for sure that the factor directly binds DNA. It could only be part of complex factory bound to DNA. This is an important point to be aware about. In contrast, gel retardation assay could be used to address the question.

Having the technology in hands combined with deep sequencing allows to monitor genome wide the genomic regions occupied by a transcription factors or a specific histone mark. The technology is improving and allows to interrogating only small cell populations
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 31126 Analysis of enrichment 1. Calculate Absolute enrichment assuming that at most 1% of nucleosome were immunoprecipitated Consider the genomic as enriched if 10 ng IP samples show a greater enrichment when compared to 0.1 ng of input DNA. 3. Express results as the fold increase in enrichment over a non-enriched region after normalization to the input and adjustment with a non-specific control sample. 4. Consider the input DNA to be diluted by 100 (dilution factor or DF). 5. Normalize the input using the following equation 2 -ΔCt x 100%, where -ΔCt = Ct[IP] -Ct[Input x DF]. Adjust control using the following equation (ΔCt[IP]-ΔCt[NS]) where NS is the non-specific sample (no antibody IP, or IgG IP). 7. Calculate the fold enrichment of the sample as 2 -ΔΔCt

Figures 1 B

 1 Figures 1 B,C,D are typical examples of DNA gels from whole sonicated DNA extracted from mouse ES cells, embryoid bodies or a cardiac embryonic region (pooled 25 E9.5 ventricles), respectively.

7 Figure 1 .

 71 Figure 1. Electrophoresis Data: DNA-binding Beads Checking and Sonication Validation. (A) DNA purified by DNA-binding beads, 1 volume of beads/1 volume of DNA (1) and 2 volumes of beads/1 volume of DNA (2) and 2.5 volume of beads/1 volume of DNA (3). Size of DNA fragments obtained after reverse crosslink of input fractions of mouse ES cells (B), embryoid bodies (C), and embryonic cardiac tissue (D). The samples were run on 2% agarose electrophoresis gels. Please click here to view a larger version of this figure.

Figure 2 . 7 Figure 3 .

 273 Figure 2. ChIP Data Analysis. (A) Enrichment of H3K27ac epigenetic mark on E-cadherin enhancers/promoter (A -E regions). (B) Enrichment of H3K4me1, H3K36me3 and H3K9me2 epigenetic marks on Twist enhancers/promoter (A-C regions). Genomic regions are amplified by qPCR to measure the histone enrichment vs the input following ChIP. Results are means±SEM from 3 experiments. Please click here to view a larger version of this figure.

Figure 4 .

 4 Figure 4. ChIP from Chromatin Extracted from Specific Embryonic Cardiac Regions. Chromatin was extracted from 25 ventricles of E9.5 mouse embryos (2 litters) lysed and sonicated. The anti-H3K27ac antibody was used for immunoprecipitation. The DNA was used for sequencing. The figure shows genomic regions of the cardiac genes Nkx2.5 and Tbx5 enriched in the modified histone and one genomic region of Shox2 pacemaker-specific gene not enriched and not expressed in the ventricle. Please click here to view a larger version of this figure.

Figure 4 ,
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Table 1 .

 1 1.55 x OD 280 -0.76 x OD 260 . ChIP buffers.

	Buffer	Utilization	Composition

PB2 : 15 mM HEPES pH 7.6, 15 mM NaCl, 4 mM MgCl2 60 mM KCl, 0.5% TRITON X-100 Embryonic tissue SB1: 1 % SDS; 10 mM EDTA; 50 mM Tris-HCl pH 8 ESC SB2: 50 mM HEPES-KOH pH7.9 ; 140 mM; 1mM EDTA; 0.1% deoxycholate; 0.1 % SDS EBs B Lysis /Sonication SB3:15 mM HEPES pH7.6, 15 mM NaCl ; 60 mM KCl, 1mM EDTA, 0.5 mM EGTA ; 1% TRITON-X100, 0 .1% SDS , 0.5% laurylsarcosine Embryonic tissue C ChIP buffer 150 mM NaCl ; 50 mM Tris-HCl pH 7.5 ; 5 mM EDTA ; 0.5 % NP40 ; 1% TRITON-X100 . E : 20 % PEG 8000; 2.5 M NaCl; 10 mM Tris-HCl pH 8; 1mM EDTA

Table 2 . Sonication Programs.

 2 

Table 3 . Standards concentrations.

 3 

		concentration (ng/µl)	Volume (µl)	Total DNA concentration (ng)
	A	10.0	1	10.0
	B	5.00	1	5.00
	C	2.50	1	2.50
	D	1.25	1	1.25
	E	0.625	1	0.625
	F	0.3125	1	0.3125
	G	0.156	1	0.156
	H	0.0	1	0.0

. It thus opens new avenues in the dynamics of specific epigenetic landscapes during embryonic development.
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