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Summary  

Many population-based methods investigating chromatin dynamics and organization in 

eukaryotes are based on the Chromosome Conformation Capture (3C) method. Here, we 

provide an updated version of the quantitative 3C (3C-qPCR) protocol for improved and 

simplified quantitative analyses of intra-chromosomal contacts. 
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1. Introduction 

Chromosome Conformation Capture (3C) technique (1) and derived 

technologies (4C, 5C, Hi-C) (2-4) have allowed researchers to explore the 

organization and the dynamics of the eukaryotic genomes with unprecedented 

resolution and accuracy (5-8). The creation of a 3C library is therefore a 

prerequisite to many 3C-based methods. By freezing all chromatin contacts 

present at a given time in their physiological nuclear context, and then by 

averaging these events over a population of several million cells, the 3C-qPCR 

method (9) allows very accurate measurements of the relative interaction 

frequencies between chromatin segments, in cis, on the same chromosome 

(Figure 1) (10). This parameter is a key to investigate the in vivo dynamics of 

the chromatin because it depends not only on its fundamental biophysical 

parameters (compaction, rigidity, etc.) (11) but also on important locus-specific 

factors which control local genomic functions (epigenetic modifications, binding 

of specific factors, etc.) (12, 13). Here we provide an updated 3C-qPCR 

protocol that simplifies previously published protocols (9, 14, 15). 

 

2. Materials 

1. 10% (v/v) FCS/PBS.  

2. Homogenization buffer: 2.1M sucrose, 10 mM HEPES (pH7.6), 2 mM EDTA, 

15 mM KCl, 10% glycerol, 0.15mM spermine, 0.5 mM DTT, 0.5 mM PMSF, 7 

µg/mL aprotinin. 
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3. Wash buffer: 10 mM Tris-HCl (pH7.4), 15 mM NaCl, 60 mM KCl, 0.15 mM 

spermine, 0.5 mM spermidine.  

4. Glycerol buffer: 40% (v/v) Glycerol; 50 mM Tris-HCl pH 8.3; 5 mM MgCl2; 0.1 

mM EDTA. 

5. Nucleus buffer 1: 0.3 M sucrose, 60 mM KCl, 15 mM NaCl, 5 mM MgCl2, 0.1 

mM EGTA, 15 mM Tris-HCl pH7.5, 0.5 mM DTT, 0.1 mM PMSF, 3.6 ng/ml 

Aprotinin, 5 mM Na-Butyrate.  

6. Nucleus buffer 2: nucleus buffer 1 with 0.8% v/v NP40.  

7. Nucleus buffer 3: 1.2 M sucrose; 60 mM KCl; 15 mM NaCl; 5 mM MgCl2; 0.1 

mM EGTA; 15 mM Tris-HCl pH7.5; 0.5 mM DTT; 0.1 mM PMSF; 3.6 ng/ml 

Aprotinin; 5 mM Na-Butyrate. 

8. 3C buffer: 50 mM Tris-HCl pH 8, 50 mM NaCl, 10 mM MgCl2, 1 mM DTT (see 

Note 1) 

9. 37% (v/v) formaldehyde. 

10. 1.25 M glycine. 

11. 20% (w/v) SDS. 

12. Ligation buffer: 40 mM Tris-HCl pH7.8, 10 mM MgCl2, 10 mM DTT, 0.5 mM 

ATP. 

13. Triton mix: 10% (v/v) Triton X-100 in ligation buffer. 

14. High-concentration restriction enzyme (e.g. 40 U/µL HindIII; Fermentas) (see 

Note 2). 

15. PK buffer: 10 mM Tris-HCl pH 8, 5 mM EDTA, 0.5% (w/v) SDS. 

16. 20 mg/mL proteinase K. 

17. 1 mg/mL RNase A. 

18. Phenol/chloroform/isoamyl alcohol (25:24:1). 
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19. 2 M sodium acetate pH 5.6. 

20. 100% and 70% ethanol. 

21. Secondary digestion restriction enzyme (e.g. StyI), supplied with 10X buffer 

(see Note 3). 

22. 5 M NaCl. 

23. Nuclease-free water. 

24. PCR primers, designed according to 3C design (see Methods), including 

primers loading control primers for loading controls (section 3.8). For human 

and mouse genomes the following Gapdh primers can be used: 

Forward: acagtccatgccatcactgcc 

Reverse: gcctgcttcaccaccttcttg 

Primers used in quantitative PCR are typically 21-23 mers with a Tm in the 

range 55-65°C with a 2°C maximum difference between primers used in one 

experiment. They should be designed close (50bp) to the restriction site used 

for the 3C assays. 

25. qPCR mix: SYBRR Green PCR Master Mix as described in (16) with 

modifications described in (11, 12) (see Note 4 for detailed composition). 

26. LightCycler 480 II (Roche) or equivalent real-time PCR machine. 

27. 30 Weiss U/µL T4 DNA ligase. 

28. 100 mM ATP. 

29. 20mg/ml glycogen. 

30. 10 mM Tris-HCl pH 7.5. 
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31. Genomic DNA, purified from the same species as for the 3C-qPCR 

experiments, and quantified by A260 measurement. 

32. BAC(s), spanning the genomic locus of interest. 

3. Methods 

3.1 Cell nucleus preparation 

1. .- If working with cultured cells, proceed to step 2 below.  

- If working with adherent cell cultures: trypsinize, wash and filter through 40 µm 

cell strainer to make a single-cell suspension before proceeding with step 2 

below (see Note 5).  

2. Wash cells in PBS.  

3. Resuspend cells in 1.5 ml nucleus buffer 1.  

4. Add 0.5 ml nucleus buffer 2, mix slightly and put on ice 2 or 3 minutes.  

5. Put 1 ml in 14 ml tubes (x2 tubes) containing 4 ml nucleus buffer 3. Save a 4 µl 

aliquot to count nuclei in a Thoma cell (count used in step 7 below). 

6. Centrifuge 20 minutes at 11300 g at 4°C. 

7. Remove supernatant and resuspend pellets in glycerol buffer to achieve a final 

concentration of about 20 million nuclei in 100 µl.  

8. Transfer in a 1.5 mL tube. Freeze into liquid nitrogen and store at -80°C. 

 

3.2 Formaldehyde crosslinking 

 

1. Resuspend 5x106 nuclei in 700 µl 3C buffer and incubate for 5 min at room 

temperature. 
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2. Add 19.7 µL 37% formaldehyde, mix by inverting the tube and incubate for 10 

min at room temperature. 

3. Add 80 µL 1.25 M glycine, mix by inverting the tube and incubate for 2 min at 

room temperature then place on ice for 5 min. 

4. Centrifuge for 3 min at 2300 g, room temperature, remove supernatant and 

carefully resuspend nuclei in 1 mL 3C buffer (see Note 6). 

5. Centrifuge for 3 min at 2300 g, room temperature and remove supernatant. 

 

3.3 Restriction digestion 

1. Resuspend nuclei in 100 µL 3C buffer and transfer to a safe-lock microtube. 

2. Add 1 L 20% SDS and incubate for 1 h at 37°C, shaking at 350 rpm on a 

thermomixer. 

3. Add 16.8 µL Triton mix and incubate for 1 h at 37°C, shaking at 350 rpm on a 

thermomixer. 

4. Take a 10 µL aliquot of the sample as the “Undigested control” (do not disturb 

the mixture) and store at -20°C until processing at section 3.4. 

5. Add 450 U of the selected restriction enzyme (eg. HindIII) to the remaining 

sample and incubate overnight at 37°C shaking at 350 rpm on a thermomixer 

(see Note 2). 

6. Take a 10 µL aliquot of the sample as the “Digested control” (do not disturb the 

mixture) and proceed with this to section 3.4. The remaining sample is 

processed in section 3.5. 

 

3.4 Determination of digestion efficiency 
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Digestion efficiencies have a significant impact on the assays and should be 

carefully assessed for each restriction site involved in the analysis. Care should 

be taken to ensure that digestion efficiencies are in the same range for the sites 

of interest (see Note 2). 

1. Add 500 µL PK buffer and 1 µL 20 mg/mL proteinase K to the “Undigested” and 

“Digested” control samples, and incubate for 30 min at 65°C. 

2. Cool samples to 37°C, add 1 µL 1 mg/mL RNase A and incubate for 2 h at 

37°C. 

3. Add 500 µL phenol/chloroform/isoamyl alcohol, mix vigorously and centrifuge 

for 5 min at 16,100 g, room temperature. 

4. Transfer upper aqueous layer to a new microtube. Add 50 µL 2 M sodium 

acetate and 1.5 mL 100% ethanol and keep at -80°C for 45 min. 

5. Centrifuge for 20 min at 16,100 g, 4°C, carefully remove supernatant and wash 

pellet in 500 µL 70% ethanol. 

6. Centrifuge for 4 min at 16,100 g, room temperature, remove supernatant and 

air-dry the pellet. 

7. Dissolve DNA in 500 µL 1X secondary digestion restriction enzyme buffer. Add 

50 U secondary digestion restriction enzyme and incubate for 2 h at 37°C (see 

Note 7). 

8. Add 500 µL phenol/chloroform/isoamyl alcohol, mix vigorously and centrifuge 

for 5 min at 16,100 g, room temperature. 

9. Transfer upper aqueous layer to a new microtube. Add 25 µL 5 M NaCl and 1 

mL 100% ethanol and keep overnight at -20°C. 

10. Centrifuge for 20 min at 16,100 g, 4°C, remove supernatant and wash pellet in 

200 µL 70% ethanol. 
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11. Centrifuge for 4 min at 16,100 g, room temperature, remove supernatant, and 

air-dry then dissolve pellet in 60 µL nuclease-free water. 

12. Perform real-time PCR quantification (see Note 4 and section 3.10 below) on 

undigested (U) and digested (D) control samples, using primer sets that amplify 

across each restriction site of interest (R). To correct for any difference in the 

amounts of templates used in the PCR, also use primer sets to amplify control 

regions (C) that do not contain the restriction sites of interest. Digestion 

efficiency is calculated according to the following formula (see Note 8): 

% restriction = 100 – 100 / 2^ ((CtR – CtC)D – (CtR – CtC)U) 

 

3.5 Ligation 

1. Add 12 L 20% SDS to the digested sample and incubate for 30 min at 37°C, 

shaking on a thermomixer at 350 rpm. 

2. Carefully transfer digested nuclei to a 12 mL tube (see Note 9). Add 3.28 mL 

ligation buffer and 390 µL Triton mix, and incubate for 2 h at 37°C, shaking in a 

thermomixer at 450 rpm. 

3. Centrifuge for 1 min at 8800 g, 4°C and remove 3.27 mL supernatant to leave 

500 µL in the tube. Add 6.5 µL 30 U/µL T4 DNA ligase and 3 µL 100 mM ATP 

and incubate overnight at 16°C, shaking on a thermomixer at 350 rpm. 

 

3.6 DNA purification 

1. Add 2 mL PK buffer, 1.5 mL nuclease-free water and 5 µL 20 mg/mL proteinase 

K, and incubate for 1 h at 50°C. 

2. Incubate for 4 h at 65°C to de-crosslink the sample. 



3C-qPCR 9 

 

 

 

3. Add 4 mL phenol/chloroform/isoamyl alcohol, mix vigorously and centrifuge for 

15 min at 3900 g, room temperature (see Note 10). 

4. Transfer upper aqueous layer to a new 12 mL tube and add 200 L 5 M NaCl, 1 

µL glycogen and 8 mL 100% ethanol. Mix and store overnight at -20°C. 

5. Centrifuge for 45 min at 15,700 g, 4°C, remove supernatant and wash pellet in 2 

mL 70% ethanol. 

6. Centrifuge for 15 min at 15,700 g, 4°C, remove supernatant, air-dry pellet and 

dissolve DNA in 50 µL nuclease-free water (see Note 11). 

 

3.7 Complementary digestion 

1. Add 250 µL 2X secondary digestion restriction enzyme buffer (see Note 3) and 

185 µL nuclease-free water, and transfer sample to a 1.5 mL microtube. 

2. Add 5 µL 1 mg/mL RNase A and 100 U secondary digestion restriction enzyme, 

and incubate for 2 h 30 min at 37°C. 

3. Add 500 µL phenol/chloroform/isoamyl alcohol, mix vigorousy and centrifuge for 

5 min at 3900 g, room temperature. 

4. Transfer upper aqueous phase to a new 1.5 mL tube and add 25 µL 5 M NaCl, 

1 µL glycogen and 1 mL 100% ethanol, and keep overnight at -20°C. 

5. Centrifuge for 20 min at 15,700 g, 4°C, remove supernatant and wash pellet in 

200 µL 70% ethanol. 

6. Centrifuge for 4 min at 15,700 g, room temperature, air-dry pellet and dissolve 

DNA in 150 µL 10 mM Tris-HCl pH 7.5 (see Note 11). 
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3.8 Performing loading adjustments 

1. Determine the DNA concentration of the 3C sample by qPCR (see Note 4 and 

Note 12), relative to a reference genomic DNA of known concentration. Use a 

dilution series of 3C material and genomic DNA, and use “internal” primer sets 

that do not amplify across sites recognized by any of the restriction enzymes 

used. Set up 10 µL reaction volumes in qPCR plates: 

1 µL DNA (3C or genomic, or nuclease-free water in negative control well); 

7 µL nuclease-free water; 

1 µL 5 µM each primer; 

1 µL qPCR mix (see Note 4). 

2. Perform the following programme in a qPCR thermal cycler (see Note 12): 

95°C, 3 min; 

45 x [95°C, 1 s; 60°C, 5 s; 72°C, 15 s] 

Denaturation curve: 45°C, 30 s; increase to 95°C at 0.2°C/s. 

3. Use the amplification curve from the known genomic DNA concentrations to 

estimate the concentration of the 3C DNA samples. Dilute the 3C samples to 25 

ng/µL. 

4. Repeat steps 1-2 on the new 3C stocks to precisely determine their 

concentration. These values will be used as the “loading controls” for final 

quantification (see 3.12). 

 

3.9 Assessment of sample purity (optional) 
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1. Take a two-fold and a four-fold diluted aliquot of the 3C sample (section 3.7, 

step 6) and add genomic DNA to each aliquot to make a final total DNA 

concentration of 25 ng/µL. 

2. Perform qPCR for any 3C primer pair (see Note 4 and section 3.10 below) and 

verify that the real-time PCR quantifications are reduced according to the 

dilution factors. If this is not the case, then sample purity is not adequate and 

the DNA should either be re-purified or the sample discarded. 

 

3.10 Real-time PCR quantifications of ligation products  

3. Perform qPCR reactions to obtain the Ct for each assessed ligation product on 

25 ng 3C material. Set up 10 µL reaction volumes in qPCR plates: 

1 µL DNA (3C, or nuclease-free water in negative control well); 

7 µL nuclease-free water; 

1 µL 5 µM each primer; 

1 µL qPCR mix (see Note 4). 

1. Perform the following programme in a qPCR thermal cycler (see Note 12): 

95°C, 10 min; 

45 x: [95°C, 10 s; 69°C, 8 s; 72°C, 14 s]. 

 

3.11 PCR control template used for primer efficiency control 

A control template containing all ligation products in equal amounts is used to 

optimise real-time quantitative PCR (qPCR) reactions and to establish the minimal 

amount of ligation product that can still be quantified in a reliable manner. For this 

qPCR control template, we recommend the use of a single BAC clone covering the 
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genome segment under study. Alternatively, a set of minimally overlapping BAC 

clones mixed in equimolar amounts can be used. This BAC is then cut with the 3C 

restriction enzyme of choice (eg. HindIII) and religated by T4 DNA ligase. A 

secondary restriction enzyme (eg. StyI) can be used to linearize DNA circles which 

may otherwise affect primer hybridisation efficiency (17) (see Note 3). It is then 

necessary to make serial dilutions of this reaction to obtain standard curves which 

cover the same range of ligation product concentrations as those that will be 

obtained in the 3C samples. To mimic 3C sample conditions, the final DNA 

concentration in these dilutions is adjusted to the amount of DNA used in the 3C 

samples. Thus, these dilutions are performed in a 25 ng/µL DNA solution made of 

genomic DNA digested with the second restriction enzyme (eg. StyI in the present 

protocol). Using serial dilutions of this control template, a standard curve with specific 

parameters (slope and intercept) is thus obtained for each of the 3C qPCR primer 

pairs used. These parameters will be used to correct for potential differences in 

primer efficiencies. 

 

3.12 3C-qPCR data normalization – primer efficiency and loading controls 

To obtain quantification values that are corrected for potential differences in primer 

efficiencies, the Ct obtained for each ligation product is first normalized using the 

parameters of the corresponding standard curve (the slope “a” and the intercept “b” 

obtained in section 3.11). These values are calculated using the following formula: 

Value = 10(Ct-b)/a. For each sample, these values are then normalized to the 

corresponding “loading control” obtained in section 3.8. 
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3.13 3C-qPCR data normalization to noise band 

The data should then be normalized to compensate for experimental variations and 

allow comparison between different 3C-assays. For each biological sample, a Basal 

Interaction Level (B.I.L.) is calculated and 3C-qPCR data are normalized to this 

B.I.L.. We first calculate the mean interaction frequency (M) and the mean Standard 

Deviation (SD) of all the experimental points. Experimental points are selected if their 

interaction frequency (fx) is both superior to (M – SD) and inferior to (M + SD). The 

mean fx of the selected experimental points is corresponding to the B.I.L. to which all 

fx values of the experiment are normalized (14, 15). 

 

4. Notes 

1. This buffer is intended to be compatible with the selected restriction enzyme 

and should thus be adapted accordingly.  

2. Digestion efficiency in 3C experimental conditions varies largely depending on 

the selected restriction enzyme. Some enzymes, like HindIII or EcoRI, have 

high digestion efficiencies (at least 70 to 80% is recommended for all sites 

investigated in a given experiment) while others, like BamHI, require 

sequential addition of the 450U to reach the same efficiency (add 150U for 2h, 

then 150U for 2h, and finally 150U overnight). Some enzyme, like SacI, does 

not digest at all DNA in 3C reactions. Enzymes that generate cohesive ends 

are recommended, as blunted ends do not allow efficient ligation.  
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3. This enzyme is required to fragment the DNA which help to improve DNA 

accessibility and thus PCR amplification efficiencies. Please insure that this 

enzyme does not digest within the tested amplicons.  

4. Quantitative PCR mix composition (16): 0.24% W1 (polyoxyethylene ether 

W1); 500 µg/ml BSA; 300 µM dNTP; 50 mM KCl; 30 mM MgCl2; 1/3000 SYBR 

Green (10000X in DMSO, LONZA, ref. 50513); 16.24% Glycerol; 400 mM 

2‐Amino‐2‐methyl‐1,3‐propanediol buffer to pH 8.3 using HCl; 0.4 U/µl 

platinium Taq DNA polymerase (Invitrogen 10966‐034). Use a fresh glycerol 

stock, as glycerol tends to produce oxidization products that inhibit PCR 

reactions. W1 can be replaced by a combination of two detergents: 0.09% Brij 

56 (Sigma P5759) and 0.15% Brij 58P (Sigma P5884). For better 

quantification efficiencies, the usual 300 μM dNTP could be replaced by 1500 

μM CleanAmp 3’THF dNTP (Tebu Bio). We do not recommend the use of 

CleanAmp dNTP 3’TBE, as they provide similar quantification efficiencies as 

classical dNTP 

5. Nuclei preparation from tissues requires specific adaptations. For example, for 

mouse liver: homogenize the tissue in homogenization buffer (see section 2 

for buffer composition) using a Potter. Deposit the homogenate on a cushion 

of the same buffer and centrifugate at 100,000g for 40 min. Wash the pellet 

with wash buffer and resuspend in glycerol buffer. 9. Freeze into liquid 

nitrogen and store at -80°C. For muscle, the same protocol can be used 

except that the tissue needs to be first disrupted using an ultra-turrax before 

homogenization (18,19).   

6. Rinse the walls of the tube that have been in contact with the reaction mixture 

to recover all nuclei. 
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7. Check that the corresponding secondary digestion restriction site is absent 

from the PCR amplicons used to assess digestion efficiencies. 

8. The efficiency of the restriction enzyme digestion should be above 60-70%, 

but ideally >80% is digested. Samples with lower digestion efficiencies should 

be discarded (also see Note 2). 

9. Do not rinse the wall of the tube as this usually increase significantly the 

amount of undigested material. 

10. If the aqueous phase if very turbid after the first extraction, repeat the phenol-

chloroform extraction a second time. 

11. If some precipitates do not resuspend, dissolve DNA by gently shaking tubes 

at 37°C for up to 30 min. The 3C template may be kept at -20°C for several 

months. 

12.  A260 measurements fail to provide an accurate estimate of DNA concentration 

in 3C samples, probably because of their limited purity. If qPCR reactions are 

performed in a different thermocycler (than the LightCycler, Roche) the PCR 

parameters may need to be optimised. 
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Figure caption 

Figure 1: Principle of the Chromosome Conformation Capture (3C) assay. The 

principle of the 3C technique relies on three essential steps: formaldehyde 

crosslinking, restriction digestion and ligation, providing a library composed of 3C 

ligation products. The relative interaction frequency of each ligated DNA fragments, 

that reflect their 3D physical proximity, can be accurately determined by quantitative 

PCR (3C-qPCR method). 3C libraries can also be combined with high-throughput 

sequencing approaches and used for other 3C based methods, like the 4C, 5C or Hi-

C assays (see text for references).  
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