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Interactions of proteins with DNA mediate many critical nuclear functions. Chromatin immunoprecipitation (ChIP) is a robust

technique for studying protein–DNA interactions. Current ChIP assays, however, either require large cell numbers, which prevent their

application to rare cell samples or small-tissue biopsies, or involve lengthy procedures. We describe here a 1-day micro ChIP (lChIP)

protocol suitable for up to eight parallel histone and/or transcription factor immunoprecipitations from a single batch of 1,000 cells.

lChIP technique is also suitable for monitoring the association of one protein with multiple genomic sites in 100 cells. Alterations

in cross-linking and chromatin preparation steps also make lChIP applicable to B1-mm3 fresh- or frozen-tissue biopsies. From cell

fixation to PCR-ready DNA, the procedure takes B8 h for 16 ChIPs.

INTRODUCTION
Interactions of proteins with DNA are required to maintain genome
stability and to control DNA replication and repair, chromosome
segregation and gene expression. Chromatin immunoprecipitation
(ChIP)1,2 is a powerful technique for studying protein–DNA inter-
actions within the cell3. ChIP assays have been widely used in the past
decade to map the location of post-translationally modified histones,
transcription factors, chromatin modifiers and other nonhistone
DNA-associated proteins, either in restricted genomic regions or at
the genome-wide level1,4–15.

In a typical ChIP assay, DNA and proteins are reversibly cross-
linked, usually with formaldehyde, to maintain the association of
proteins with their target DNA sequence. When analyzing the
association of histones with DNA, however, cross-linking can be
omitted, which allows for immunoprecipitation under native condi-
tions (a process referred to as native ChIP2,16). Chromatin is then
sheared, usually by sonication or micrococcal nuclease digestion, to
fragments of B500 bp and cleared of debris by sedimentation. The
chromatin is used for immunoprecipitation of protein–DNA com-
plexes using antibodies commonly coupled to agarose, sepharose or
magnetic beads. The immune complexes (i.e., the bead–antibody–
protein–target DNA sequence complex) are washed under stringent
conditions to remove unspecifically bound chromatin, the precipi-
tated chromatin is eluted, cross-links are reversed, proteins are
digested and the ChIP DNA is purified. DNA sequences associated
with the precipitated protein can be identified using PCR, cloning
and sequencing, direct sequencing (ChIP-seq), ChIP-display or by
hybridization to microarrays (ChIP-on-chip). Parameters and varia-
tions of the ChIP assay and analytical tools implemented to
investigate the profiles of DNA–protein interactions have recently
been addressed and reviewed3,17–24.

In spite of the versatility in the nature of DNA-bound proteins
and cell types that can be examined, conventional ChIP assays have
two major limitations: (i) a requirement for large cell numbers
(in the 106–107 range), which prevents the application of ChIP to
rare cell samples such as small stem cell populations, embryonic
cells or small-tissue biopsies; and (ii) the length of the procedure,
which can take up to 4 d. Recently developed ChIP techniques have
aimed to overcome these limitations.

� Carrier ChIP (CChIP): This method relies on a single immuno-
precipitation from as few as 100 cells and has been developed to
examine histone modifications associated with developmentally
regulated genes in mouse embryos and embryonic stem cells7.
CChIP includes carrier chromatin (from Drosophila cells) to
reduce loss and facilitate precipitation of the target chromatin.
However, the assay is tedious, it involves radioactive labeling of
PCR products for detection, and because immunoprecipitation
occurs under native conditions, it is unsuitable for precipitation
of transcription factors. Moreover, the use of foreign carrier
chromatin implies that fragmentation of the target cell chroma-
tin cannot be assessed easily, and that primers used for detection
of bound sequences need to be highly species specific.

� microChIP: More recently, at the time our microChIP (mChIP)
work was under review25, a miniaturized ChIP protocol for 10,000
cells without carrier chromatin, also coincidently called microChIP,
was published13. From batches of 10,000 cells, the assay enables the
analysis of histone or RNA polymerase II (RNAPII) binding
throughout the human genome using high-density oligonucleotide
arrays (ChIP-on-chip). The mChIP assay of Acevedo et al.13 takes at
least 4 d and necessitates more cells than our protocol; however, it
presents the advantage of being applicable to genome-wide studies
(mChIP-chip) rather than being restricted to a few genomic regions.

� fast ChIP: The fast ChIP assay8,26 shortens two steps used in
the conventional ChIP assay thereby reducing the assay to 1 d:
(i) an ultrasonic bath accelerates the rate of antibody binding to
target proteins—and thereby reduces immunoprecipitation time
to B15 min, and (ii) a resin-based (Chelex-100) DNA isolation
procedure reduces the time of cross-link reversal and DNA
isolation26. In spite of these advances, however, the fast protocol
is suitable only for large cell samples (in the range of 106–107).

� Quick and quantitative ChIP: In a first attempt to produce a
protocol that is both rapid and applicable to significantly fewer
cells, we have reported a quick and quantitative ChIP (Q2ChIP)
assay suitable for up to 1,000 histone ChIPs or 100 transcription
factor ChIPs from 100,000 cells as starting material11. Thus,
starting from 100,000 cells, many chromatin samples can be
prepared in parallel and stored, and Q2ChIP can be undertaken
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in a day. However, the starting number of cells remains limiting
for applications involving rare sorted cell populations, embryos
or small-tissue biopsies.

� matrix ChIP: Very recently, a microplate-based ChIP assay
was reported, which increases throughput and simplifies
the ChIP assay27. All steps, from immunoprecipitation to
DNA purification, are done in microplate wells without sample
transfers, enabling a potential for automation. Matrix ChIP
enables 96 ChIP assays for histone and various DNA-bound
proteins, including transiently bound protein kinases, in a
single day.

To further address these issues, we recently reported a 1-d mChIP
assay suitable for up to eight parallel ChIPs of histones and/or
RNAPII from a single batch of 1,000 cells, or for a single ChIP from
100 cells without carrier25. The assay has been validated by assessing
post-translational modifications of histone H3 and RNAPII
binding to developmentally regulated promoters in embryonal
carcinoma cells and small biopsies.

Current limitations of the mChIP assay include:

1. Increased background signal from negative controls; however,
because the amount of precipitated DNA relative to input is
greater with mChIP than with conventional ChIP, protein
binding profiles are maintained25.

2. Analysis of few genomic sites without amplification of the
ChIP DNA.

3. Uncertainty as to how mChIP might perform for low-abundance
or transiently bound proteins.

4. mChIP is at present not recommended for sequential ChIP
experiments aimed at identifying the enrichment of more
than one histone modification in a given genomic fragment6

because of the minute amount of DNA recovered from
sequential ChIP assays.

5. Whether mChIP as described here yields enough DNA for
unbiased amplification for downstream genome-wide (ChIP-
on-chip or ChIP-seq) assays13,28 remains to be determined.

Downstream application of mChIP includes the analysis of
developing mammalian embryos, which so far has only been
enabled by CChIP7. mChIP may also be expanded to genome-
wide or whole genome applications, but this will require a DNA
amplification step13. We are currently testing this application.
Further, because mChIP can be used with scarce biological samples
(such as small-tumor biopsies), it may enable epigenetic analyses
in a clinical context29.

We describe here our mChIP protocol (see Fig. 1), with proce-
dures for a starting material of either 1,000 cells or 100 cells
(Fig. 2a,b). Chromatin prepared from 1,000 cells is divided into
nine samples (100-cell ChIP), of which eight can be dedicated to
parallel ChIPs, including a negative control, while one serves as an
input chromatin reference sample. When starting from 100 cells,
only one ChIP is possible using our protocol. Regardless of starting
cell number, the 100-cell ChIP enables the analysis of three to four
genomic sites by duplicate quantitative PCR (qPCR). The proce-
dure reported for 1,000 cells is also applicable to up to 50,000 cells.
Chromatin prepared from such samples may also be aliquoted for
multiple parallel ChIPs. With minor modifications, our protocol is
also suitable for ChIP from small (B1 mm3) tissue biopsies, with
the possibility of analyzing 20 genomic sites (Fig. 2c and Box 1).
mChIP is applicable to a wide range of anti-histone antibodies and
RNAPII antibodies. It may also be suitable for other nonhistone
proteins11, but this remains to be tested.

Experimental design
This section outlines key considerations when setting up the mChIP
assay, or ChIP assays in general.
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Figure 1 | Outline of the micro chromatin immunoprecipitation (mChIP) assay. qPCR, quantitative PCR.
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Establishing the assay. To establish the
assay, we recommend using antibodies to,
for example, trimethylated lysine 4 of histone
H3 (H3K4m3; Abcam, cat. no. Ab8580) and
trimethylated H3K27 (Upstate, cat. no.
05-851), because these efficiently precipitate
epitopes and, therefore, generate strong
PCR signals. Antibodies to acetylated H3K9
(H3K9ac; e.g., Upstate, cat. no. 06-942;
Diagenode, cat. no. pAb-ACHAHS-044)
and to trimethylated H3K9 (H3K9m3; e.g.,
Upstate, cat. no. 07-442; Diagenode, cat. no.
pAb-056-050) can also be used because these
histone modifications mark transcriptionally
active and repressed genes, respectively, and
are thus easy to discriminate. Specificity of
the antibodies is extremely important. In
addition, individual antibodies may perform
differently in ChIP, so testing different anti-
bodies is recommended. Use, when available,
ChIP-grade antibodies from several suppliers.
Suggestions for assessing antibody specificity
have been published elsewhere30,31.

We recommend using a cultured cell line
for consistency of the starting material and, for PCR-based ChIP
analysis, focusing on genes with well-defined promoter sequence
information and expression status. For example, the human
embryonal carcinoma NCCIT cell line (American Type Culture
Collection, cat. no. CRL-2073) may be good starting material
because large-scale and small cell number ChIP data have been
published with this cell line11,25.

Several ChIP protocols include an RNase treatment as part
of the ChIP DNA purification step6,13,28,30,32; however, these
are designed for downstream microarray or sequencing analysis.
ChIP protocols designed for PCR analysis do not include an
RNase step2,7,8,11,16,26,27,31. Likewise, our protocol does not
include any RNase step; however, it focuses on enrichment
using sequence-specific primers, so this is not a limitation. An
RNase treatment step can easily be introduced during DNA
purification (Step 21) if mChIP is to be adapted to a genome-
wide analysis.

Optimizing the assay. The following aspects of the experiment
may require optimization.

� DNA–protein cross-linking: Although immunoprecipitation of
histones is efficient under native conditions2,7,16, the mChIP
protocol includes a cross-linking step, which makes the
procedure universal for ChIPs of histone and nonhistone
proteins. Efficiency of cross-linking depends on the nature of
the protein to cross-link, so the nature of cross-linker and
duration of cross-linking should be considered. Formaldehyde
has a short cross-linking spacer arm and cross-links nuclear
components located within 2 Å of each other33, thus it can be
ineffective when analyzing proteins indirectly bound to DNA. In
such instances, longer range cross-linkers are recommended,
with or without formaldehyde. For more information on these
cross-linkers, we refer to reports describing alternative cross-
linking reagents31,34.

Testing cross-linking efficiency is empirical. It should be
remembered that extensive cross-linking may decrease solubility
of any target DNA–protein complex and cause it to be entrapped
in the insoluble material removed by sedimentation31. If no
cross-linking information exists for the protein of interest, we
recommend starting with 1% formaldehyde for 8 min using, as a
positive control, a protein known to be cross-linked under these
conditions (a histone or RNAPII). Cross-linking conditions are
tested by ChIP and PCR analysis of the precipitated DNA.
Failure to cross-link will result in no PCR product after ChIP;
in this instance, cross-linking time may be increased and/or
additional cross-linkers should be tested alone or in combina-
tion with formaldehyde34.

� Chromatin sonication: Chromatin fragments of 400–500 bp have
proven to be suitable for ChIP assays as they cover two to three
nucleosomes. Longer fragments will diminish resolution and
cause noise and are not recommended for microarray analysis30,
while fragments that are too short may be incompatible with
PCR, depending on amplicon length. For tips on sonication
conditions and tests, see Figure 3 and Box 2.

� Amount of antibody and protein A or G: The amount of anti-
body and Protein A or G in the ChIP assay will affect the
amount of material precipitated. Amount of antibody and
Protein A or G beads to be used can be tested by qPCR following
ChIP to assess the relative amounts of precipitated target
DNA sequence.

� Chromatin and reference samples: To enable the assessment of the
same pool of cells across a selection of antibodies, we favor the
use of a single chromatin preparation aliquoted into the number
of samples required for the different ChIPs, including negative
control(s) and reference input chromatin sample(s). This
approach has also been proposed by the Young laboratory30.
Separate chromatin preparations within a replicate experiment
may be a cause of between-sample variation originating from
inconsistencies in the number of prepared cells per batch. We
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Figure 2 | Chromatin immunoprecipitation (ChIP) from small cell samples and biopsies. Micro ChIP

(mChIP) is suitable for immunoprecipitation of histones and transcription factors in (a) eight parallel

ChIPs starting from 1,000 cells (or more) or (b) one ChIP starting from 100 cells. (c) A variation of the

mChIP assay enables eight parallel ChIPs from B1-mm3 tumor biopsies. Numbers of genomic sites that

can be examined in each approach by duplicate quantitative PCR (qPCR) are indicated.

1034 | VOL.3 NO.6 | 2008 | NATURE PROTOCOLS

PROTOCOL



emphasize the importance of constant cell numbers between
batches as the cell number directly affects the amount of input
chromatin, hence also the precipitation efficiency. Triplicate ChIPs
should be performed to assess variation between replicates. mChIP
measures the association of a target genomic sequence with a
specific protein. In this instance, data are expressed as ‘percent
precipitated DNA relative to input’, with the input consisting of a
chromatin sample equivalent to the chromatin amount used for
ChIP. This formula brings out precipitation efficiency and the
extent of unspecific precipitation. Some investigators express
enrichments relative to a negative control14, although this masks
the extent of unspecific precipitation, or relative to enrichment of
the same protein to a control gene35.

Controls. The use of positive and negative controls is recom-
mended. Negative controls may consist of either the use of no

antibody (beads alone) or an irrelevant antibody of the same
isotype of that used in the immunoprecipitation. The positive
control should be an antibody to a protein known to co-localize
with an identified locus in the cell type examined. This may include
an antibody to histones, RNAPII or, as suggested by others30, the
ubiquitous cell cycle regulator E2F4.

Output and data analysis. ChIP data have been analyzed by slot
blotting of the ChIP DNA, dot blotting36,37 and end-point PCR.
Real-time PCR allows a quantification of the amount of precipi-
tated DNA relative to an input sample (e.g., refs. 11,25), relative to
the unbound (nonprecipitated) material7 or relative to a negative
control precipitation14. Analysis of real-time PCR ChIP results is
straightforward and is described in Steps 25–27. We can recom-
mend ref. 38 for a comprehensive description of real-time PCR
analysis of ChIP data.
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BOX 1 | MICRO CHROMATIN IMMUNOPRECIPITATION FROM BIOPSIES

The impact of epigenetics on aging and cancer has created a need for a procedure allowing chromatin immunoprecipitation (ChIP) analyses of
small tissue samples. Many tumor samples are to date stored as frozen biopsies. Only limited ChIP studies have been reported from human39–41 or
mouse41–44 tissue, presumably due to the lack of an efficient protocol. We have applied our protocol to human osteosarcoma xenografts
established from a primary tumor25.
1. Cut the xenograft into B1-mm3 pieces and process according to option A (fresh samples) or B (samples frozen in liquid nitrogen and stored
at –80 1C).
(A) Fresh biopsy

(i) Add 500 ml PBS/sodium butyrate (Na-butyrate) and immediately add 13.5 ml formaldehyde, vortex for 5 s and incubate for 10 min at room
temperature. Vortex again after 5 min of incubation.
(ii) Add 57 ml Gly stock solution to quench formaldehyde, mix and incubate for 5 min at room temperature.

(B) Frozen biopsy
(i) Remove biopsy from the freezer, immediately add 500 ml freshly prepared PBS/Na-butyrate/formaldehyde fixative, vortex for 5 s and
incubate for 10 min at room temperature. Vortex again after 5 min of incubation.
(ii) Quench the formaldehyde by adding 57 ml Gly solution and incubate for 5 min at room temperature.

2. Centrifuge at 470g for 10 min at 4 1C in a swing-out rotor with soft deceleration settings and aspirate the supernatant, leaving B30 ml buffer
with the pellet.
3. Add 500 ml ice-cold PBS/Na-butyrate, mix by vortexing and repeat Step 2.
4. Repeat Step 3 once and leave B10 ml buffer with the pellet.
’ PAUSE POINT The cross-linked biopsy can be snap-frozen in liquid nitrogen and stored at –80 1C for up to 1 year.
5. Place the tube on ice, add 120 ml room temperature lysis buffer, pipette vigorously to lyse the sample and incubate on ice for 5 min.
6. Sonicate the sample on ice using the probe sonicator for 30 s, 0.5 cycle, 30% power (using the Labsonic M sonicator).
m CRITICAL STEP Sonication conditions may need to be adjusted for each type of tissue sample and sonicator used.
? TROUBLESHOOTING
7. Centrifuge the lysate at 12,000g for 10 min at 4 1C using a swing-out rotor with soft deceleration settings and transfer the supernatant
(B100 ml) into a chilled 0.6-ml tube on ice, leaving B30 ml of buffer with the pellet.
8. Add 30 ml lysis buffer to the pellet, vortex for 5 s and centrifuge at 12,000g for 10 min at 4 1C as in Step 7 above.
9. Collect 50 ml of the supernatant and pool it with the first supernatant.
10. Sonicate the pooled supernatants on ice for 2 � 30 s, 0.5 cycle, 30% power (with the labsonic M sonicator).
11. Add 400 ml radioimmunoprecipitation assay (RIPA) ChIP buffer to the pooled chromatin supernatants, mix and centrifuge at 12,000g for
10 min at 4 1C.
12. Transfer 500 ml of supernatant into a clean chilled 1.5-ml tube on ice, leaving B50 ml with the pellet.
13. Add 400 ml RIPA ChIP buffer, mix and centrifuge at 12,000g for 10 min at 4 1C.
14. Collect 430 ml of supernatant, leaving B20 ml with the pellet, and pool it with the supernatant from Step 13 (total chromatin volume is
now B930 ml).
15. Aliquot the chromatin into eight 100-ml samples in chilled 0.2-ml tubes in strip format, and one sample to be used as input reference,
and proceed with immunoprecipitation as described from Step 13 of the main Procedure.
’ PAUSE POINT The chromatin can be stored at –80 1C for months.

NATURE PROTOCOLS | VOL.3 NO.6 | 2008 | 1035

PROTOCOL



MATERIALS
REAGENTS
.Anti-histone antibodies of your choice m CRITICAL Use ChIP-grade

antibodies when available. We have successfully used with this protocol the
following anti-histone antibodies: anti-H3K9ac (Upstate, cat. no. 06-942),
anti-H3K9m2 (Upstate, cat. no. 07-441), anti-H3K9m3 (Upstate, cat. no.
07-442), anti-H3K27m3 (Upstate, cat. no. 05-851), anti-H3K9m3
(Diagenode, cat. no. pAb-056-050), anti-H3K4m2 (Abcam,
cat. no. Ab7766) and anti-H3K4m3 (Abcam, cat. no. Ab8580).

.Anti-RNAPII antibodies (e.g., Santa Cruz Biotechnology, cat. no. sc-899)
m CRITICAL This protocol has been developed with this particular

anti-RNAPII antibody and should be tested for other antibodies,
including antibodies to less abundant nuclear proteins.

.36.5% Formaldehyde (Sigma-Aldrich, cat. no. F8775) ! CAUTION Toxic
by inhalation, contact with skin or if swallowed. Formaldehyde waste
should be treated as hazardous.

.Dynabeads Protein A (Invitrogen, cat. no. 100.02D) m CRITICAL Ensure that
the beads are well suspended before pipetting. Use Dynabeads Protein A
beads with rabbit IgGs and Dynabeads Protein G (Invitrogen, cat. no.
100.04D) with mouse IgGs.

.400 mM EGTA (Sigma-Aldrich, cat. no. E0396)
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Figure 3 | A PCR-based chromatin fragmentation assay. (a) Agarose gel electrophoresis assessment of chromatin fragmentation after increased sonication

regimes. To show a proof-of-principle, DNA from 100,000 NCCIT cells was resolved for each condition in 1.2% agarose and stained with ethidium bromide.

(b) Quantitative PCR (qPCR) assessment of fragmentation for the samples shown in a. Amplicons of 298 and 96 bp were used. As expected, the longer amplicon

is less efficiently amplified after extensive fragmentation than the shorter amplicon. Signal strength from intact (nonfragmented) DNA was used a reference

(100%). (c) qPCR results of a similar assay using as starting material batches of 100 NCCIT cells. Arrow points to the sonication condition chosen for chromatin

immunoprecipitation (ChIP) assay. These conditions should produce DNA fragments with an average length of 500 bp (see Box 2).

BOX 2 | ASSESSMENT OF CHROMATIN FRAGMENTATION BY SONICATION

Starting from r1,000 cells, it is not possible to visualize chromatin directly by agarose gel electrophoresis. Thus, two approaches can be taken
to assess chromatin fragmentation.
(A) Testing sonication conditions with 10,000 cells and extrapolating for fewer cells. When cell numbers allow it (e.g., when working with a cell
line), you can determine sonication conditions using batches of 10,000 cells that must be pooled after sonication to obtain 50,000–100,000 cells for
visualization by gel electrophoresis. Cross-link, sonicate, reverse the cross-link, digest proteins, purify DNA by phenol–chloroform–isoamylalcohol
extraction, dissolve the DNA in water and resolve fragments by 1.2% agarose gel electrophoresis. If necessary, alter sonication treatment until you
obtain the desired fragment size. Of note, these fragmentation conditions can be applied to a starting pool of 1,000 or 100 cells. This is based on the
rationale that lysates from 100 or 1,000 cells adsorb as much (or less) energy from sonication than chromatin from 10,000 cells. Thus, chromatin from
1,000 or 100 cells will be sheared as well as (or better than) chromatin from 10,000 cells. A PCR test can be used to verify this. Use primers producing
an amplicon of, for example, 150 bp, and as template, (i) DNA from chromatin from 10,000 cells, 1,000 or 100 cells sheared under the same conditions
and (ii) intact DNA from the same number of cells as reference samples. Quantitative PCR (qPCR) should reveal robust DNA amplification in both
samples. If, however, the fragmented 1,000- or 100-cell sample shows reduced PCR signal under these conditions relative to their intact DNA
reference, the template fragments are too short, indicating that sonication was too harsh. In this situation, reduce sonication to obtain a stronger
PCR signal. The harshest sonication treatment yielding a strong PCR signal, relative to a nonfragmented template, should be chosen.
(B) PCR-based test for sonication conditions starting with r1,000 cells. Isolate intact (nonsonicated) DNA from, for example, 100 cells to
use as template in a reference PCR. Apply sonication treatments to batches of 100 cells. A good starting treatment is 2 � 30 on ice with a 30-s
pause between sonication sessions (0.5 cycle, 30% power with the Labsonic M sonicator). Purify DNA from the sonicated sample. Set up a qPCR
assay using as template an equivalent amount of DNA from the sonicated sample (test) and from the intact sample (reference). Use primers
resulting in a PCR product of r300 bp (amplicons of 4300 bp are not recommended for qPCR). Compare signal strength between the test
and reference samples (Fig. 3a,b). A drastically decreased PCR signal implies excessive fragmentation, so sonication can be reduced until
only a minor reduction in the PCR signal is observed. Figure 3c illustrates the approach with amplicons of 298 and 96 bp. To illustrate the
principle, Figure 3a shows an agarose gel electrophoresis representation of increased sonication of a 100,000 cell sample, while Figure 3b
shows results from the PCR-based assay. 100% signal is attributed to the intact DNA sample. As expected, a reduction in PCR signal strength of
the 298-bp amplicon is observed sooner upon increased sonication than with the 96-bp amplicon (Fig. 5b). Figure 5c shows similar data for a
sonication test using batches of 100 cells as starting material. Again, a differential reduction in PCR signal strength is observed between both
amplicons. In this example, we would choose a sonication regime of 2 � 30 s (Fig. 3c, arrow). Based on these observations, it is important to
recognize that optimal sonication conditions also depend on the length of the amplicons.
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.1 M Tris–HCl, pH 8.0 (Sigma-Aldrich, cat. no. T3253)

.1 M Tris–HCl, pH 7.5 (Sigma-Aldrich, cat. no. T3253)

.5 M NaCl (Sigma-Aldrich, cat. no. S5150)

.Triton X-100 (Sigma-Aldrich, cat. no. T8787)

.Na-deoxycholate (Sigma-Aldrich, cat. no. D5760)

.Gly (Sigma-Aldrich, cat. no. G8790) 1.25 M stock solution in PBS

.Chelex-100 (Bio-Rad, cat. no. 142-1253) (see REAGENT SETUP)

.Acrylamide carrier (Sigma-Aldrich, cat. no. A9099) ! CAUTION Toxic by
contact with skin or if ingested.

.Proteinase K (Sigma-Aldrich, cat. no. P2308) 20 mg ml–1 stock solution in
MilliQ water

.Protease inhibitor mix (Sigma-Aldrich, cat. no. P8340)

.Phenylmethylsulphonyl fluoride (PMSF; Sigma-Aldrich, cat. no. P7626)
100 mM stock solution in 100% ethanol ! CAUTION Toxic by inhalation,
if absorbed through skin or if ingested.

.Sodium butyrate (Na-butyrate;Sigma-Aldrich, cat. no. B5887) 1 M stock
solution in MilliQ water. Na-butyrate is a histone deacetylase inhibitor and
should be used when investigating acetylated epitopes. Other inhibitors
(e.g., phosphatase inhibitors) should be used when looking at other types
of modifications (e.g., phosphorylation)

.PBS/Na-butyrate solution: 20 mM butyrate in 1� PBS m CRITICAL Make up
immediately before use.

.PBS/Na-butyrate/formaldehyde fixative (see REAGENT SETUP) m CRITICAL
Make up immediately before use.

.PBS (Sigma-Aldrich, cat. no. P4417) For a 1� solution, dissolve 1 tablet in
200 ml MilliQ water

.SDS (Sigma-Aldrich, cat. no. L4509) ! CAUTION Toxic by inhalation, contact
with skin or if ingested.

.3 M NaAc (Sigma-Aldrich, cat. no. S8750)

.Phenol–chloroform–isoamylalcohol (25:24:1; Invitrogen, cat. no. 15593-031)
! CAUTION Toxic if absorbed through skin, inhaled or ingested.

.Chloroform–isoamylalcohol (24:1; Sigma-Aldrich, cat. no. C0549)
! CAUTION Toxic if absorbed through skin, inhaled or ingested.

.96% (vol/vol) Ethanol at –20 1C

.70% (vol/vol) Ethanol at –20 1C

.IQ SYBR green (Bio-Rad, cat. no. 170-8882) ! CAUTION Use caution when
working with DNA stains when there is no data addressing mutagenic
activity.

.Crushed ice in insulated container

.Lysis buffer (see REAGENT SETUP)

.Radioimmunoprecipitation assay (RIPA) buffer (see REAGENT SETUP)

.RIPA ChIP buffer (see REAGENT SETUP)

.Tris–EDTA (TE) buffer (see REAGENT SETUP)

.Elution buffer (see REAGENT SETUP)

.Complete elution buffer (see REAGENT SETUP)

EQUIPMENT
.Siliconized pipette tips (Sigma-Aldrich, cat. no. T7656-960EA)
.Filter pipette tips (Universal Laboratory Plasticware, cat. no. 81241 (10 ml);

cat. no. 83241 (200 ml); cat. no. 85241 (500 ml))
.0.6-ml Centrifuge tubes (Axygen, cat. no. 321-05-051)
.200-ml PCR tubes in 8-tube strip format (Axygen, cat. no. 321-10-051).

These tubes fit exactly in the Diagenode magnetic rack (Diagenode)
.Magnetic rack for 200-ml tube strips (Diagenode, cat. no. kch-816-001)
.Magnetic holder for 1.5-ml tubes (Invitrogen, cat. no. MPC-E)
.Probe sonicator (Sartorius Labsonic M sonicator (Sartorius) fitted with

3-mm diameter probe, or a similar model)
.Thermomixer (Eppendorf, model no. 5355-28402, or a similar model)
.Minicentrifuge (Merck Eurolab Galaxy Mini, model no. C1211, or a similar

model)
.Vortex (VWR International, model no. 444-1372, or a similar model)
.Rotator (Science Lab, model no. Stuart SB3, or a similar model), placed

at 4 1C
.Thermal cycler with accessories (Bio-Rad MyiQ real-time PCR detection

system; BioRad or any thermal cycler with real-time assessment capacity)

REAGENT SETUP
PBS/Na-butyrate/formaldehyde fixative 20 mM butyrate, 1% (vol/vol)
formaldehyde, 1 mM PMSF and protease inhibitor mix in 1� PBS.
m CRITICAL Make up immediately before use.
Lysis buffer 50 mM Tris–HCl, pH 8.0, 10 mM EDTA, 1% (wt/vol) SDS,
protease inhibitor mix (1:100 dilution from stock), 1 mM PMSF, 20 mM
Na-butyrate. m CRITICAL Protease inhibitor mix, PMSF and Na-butyrate
must be added just before use.
RIPA buffer 10 mM Tris–HCl, pH 7.5, 140 mM NaCl, 1 mM EDTA, 0.5 mM
EGTA, 1% (vol/vol) Triton X-100, 0.1% (wt/vol) SDS, 0.1% (wt/vol)
Na-deoxycholate.
RIPA ChIP buffer 10 mM Tris–HCl, pH 7.5, 140 mM NaCl, 1 mM EDTA,
0.5 mM EGTA, 1% (vol/vol) Triton X-100, 0.1% (wt/vol) SDS, 0.1% (wt/vol)
Na-deoxycholate, protease inhibitor mix (1:100 dilution from stock), 1 mM
PMSF, 20 mM Na-butyrate. m CRITICAL Protease inhibitor mix, PMSF and
Na-butyrate must be added just before use.
Chelex solution 10% (wt/vol) Chelex in MilliQ water26.
TE buffer 10 mM Tris–HCl, pH 8.0, 10 mM EDTA.
Elution buffer 20 mM Tris–HCl, pH 7.5, 5 mM EDTA, 50 mM NaCl.
Complete elution buffer 20 mM Tris–HCl, pH 7.5, 5 mM EDTA, 50 mM
NaCl, 20 mM Na-butyrate, 1% (wt/vol) SDS, 50 mg ml–1 proteinase K.
m CRITICAL Na-butyrate, SDS and proteinase K should be added just before use.

PROCEDURE
Antibody–bead complexes
1| Prepare a slurry of Dynabeads Protein A (if using rabbit IgGs). For 16 ChIPs, including two negative controls, place 180 ml
of well-suspended Dynabeads Protein A stock solution into a 1.5-ml tube, place the tube in the magnetic holder, allow beads to
be captured, remove the buffer, remove from the magnet and add 500 ml RIPA buffer.
m CRITICAL STEP Make sure the stock bead suspension is homogenous before pipetting.

2| Vortex, capture the beads, remove the buffer, add another 500 ml RIPA buffer.

3| Vortex, capture the beads, remove the buffer, add 170 ml RIPA buffer.

4| Vortex the beads and place the tube on ice.

5| Aliquot 90 ml RIPA buffer into 200-ml PCR tubes (one tube per ChIP), place on ice and add 10 ml washed Dynabeads
Protein A-bead slurry from Step 4 and 2.4 mg antibody to each tube. Do not add the antibody to the negative control samples
or, alternativey, add a preimmune antibody preferably of the same isotype as the ChIP antibodies. Place at 40 r.p.m. on rotator
for 2 h at 4 1C.
m CRITICAL STEP This incubation step should be carried out during cross-linking, cell lysis and chromatin preparation (Steps 6–12)
and, if necessary, can be prolonged until all chromatin samples are ready for immunoprecipitation.
m CRITICAL STEP For this and subsequent steps, we recommend using 0.2-ml PCR tubes in eight-tube strip format, which easily fit
in the magnetic rack, for easier handling than individual tubes.
m CRITICAL STEP Throughout the rest of the protocol, handle the negative controls as the ChIP samples.
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Cross-linking of DNA and proteins
6| Add 20 mM Na-butyrate from the 1 M stock to the cell culture and mix gently. If working with cells requiring trypsinization
for harvesting, add butyrate after Step 9. If working with biopsy samples, process as described in Box 1.
m CRITICAL STEP Na-butyrate is added immediately before collecting cells and cross-linking to avoid artefactual histone
hyperacetylation. For cells requiring trypsinization and/or washes before cross-linking, butyrate should be added immediately prior
to adding formaldehyde (see Step 10), not while cells are in culture.

7| Discard the medium to remove dead cells (if cells are growing adherent) and add PBS/Na-butyrate (e.g., 10 ml per 175 cm2

culture flask) at room temperature (20–25 1C).

8| Harvest cells, by trypsinization or as per your standard protocol, according to cell type.

9| Count cells and resuspend 1,000 (or 100) cells in 500 ml PBS/Na-butyrate in a 0.6-ml tube at room temperature.
m CRITICAL STEP Up to 50,000 cells can be used if necessary using the same protocol (more cells in the assay allow for the analysis
of more loci by PCR).
m CRITICAL STEP To prevent cell lysis during pipetting steps, use a 1,000-ml pipette tip or a 200-ml pipette tip with a cutoff tip to
increase the diameter of the opening.

10| Add 13.5 ml formaldehyde (1% vol/vol final concentration), mix by gentle vortexing and incubate for 8 min at room
temperature.
m CRITICAL STEP 1% Formaldehyde cross-links DNA to proteins located within 2 Å of DNA33. Although cross-linking is
omitted for ChIP analysis of histones in some protocols16, it makes the protocol suitable for both histone and nonhistone
ChIPs from a single chromatin preparation. To simplify the cross-linking step and enhance cell recovery, we cross-link cells
in suspension regardless of whether they grow adherent or in suspension. Time of cross-linking may vary depending on the
protein to be immunoprecipitated. For most ChIP applications, 8–10-min cross-linking is sufficient (see INTRODUCTION for
cross-linking tips).

11| Add 57 ml of 1.25 M Gly stock (125 mM final concentration) to quench the formaldehyde and incubate for 5 min at room
temperature.
’ PAUSE POINT Pellets of cross-linked cells can be stored at –80 1C for at least several months.

Chromatin preparation
12| For preparing chromatin, two procedures are described that can be used depending on the starting cell number. Option A is
for preparing chromatin from 1,000 cells but is also suited for up to 50,000 cells with slight adjustments in sonication
conditions; see Box 2 (and Fig. 3) for details on testing chromatin fragmentation by sonication of small cell numbers. Option B
is used when starting with 100 cells, but can also be applied to up to r10,000 cells.
m CRITICAL STEP When starting with 100 cells, only one immunoprecipitation can be performed per 100-cell sample. If more than
one protein is to be precipitated, use as many 100-cell samples as necessary. Prepare an additional sample for reference input
chromatin. If it is not possible to use more cells for input, the sum of PCR signals from the bound and unbound fractions can be used
as reference in lieu of the input reference sample.
(A) For 1,000 cells

(i) Centrifuge formaldehyde-cross-linked cells at 470g for 10 min at 4 1C in a swing-out rotor with soft deceleration settings.
Slowly aspirate and discard the supernatant, leaving B30 ml of the solution with the cell pellet to ensure that none of
the loosely packed cells are aspirated.

(ii) Resuspend the cells in 500 ml ice-cold PBS/Na-butyrate by gentle vortexing and centrifuge at 470g for 10 min at 4 1C
as in Step 12A(i).

(iii) Repeat the washing procedure (Step 12A(ii)) once. Upon aspiration of the last wash, leave 20 ml PBS/Na-butyrate with
the cell pellet.

(iv) Add 120 ml room temperature lysis buffer, vortex for 2 � 5 s, leave on ice for 5 min and resuspend cells by vortexing.
Ensure that no liquid is trapped in the lid.

(v) Sonicate on ice for 3 � 30 s, with 30 s pauses on ice between each 30-s session, using the probe sonicator. With the
Labsonic M sonicator, use the following pulse settings: cycle 0.5, 30% power. Repeat for each tube while leaving the
sonicated samples on ice.
m CRITICAL STEP Sonication should produce chromatin fragments of B500 bp (range may be 200–1,200 bp). The sonica-
tion regime indicated is suitable for a variety of cultured cell lines (e.g., NCCIT, Jurkat, 293T) but must be optimized for
each cell type, particularly for primary cells. Do not allow samples to foam as foaming reduces sonication efficiency.

(vi) Add 400 ml RIPA ChIP buffer to the tube (which contains B140 ml lysate) and mix by vortexing.
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(vii) Centrifuge at 12,000g for 10 min at 4 1C, carefully aspirate the supernatant (chromatin) and transfer it into a clean 1.5-ml
tube chilled on ice.
m CRITICAL STEP To avoid aspirating the sedimented material, which is practically invisible, leave B50 ml supernatant
in the tube after aspiration. The sediment contains SDS-insoluble cellular debris which may stick to the beads and cause
unspecific background or, in the worst case, mask any specific enrichment caused by the subsequent immunoprecipitation
(ChIP).

(viii) Add 410 ml RIPA ChIP buffer to the remaining pellet, mix by vortexing and centrifuge at 12,000g for 10 min at 4 1C.
(ix) Aspirate the supernatant, leaving B20 ml with the (invisible) pellet and pool it with the first supernatant. This yields

B920 ml of chromatin suitable for eight parallel ChIPs and one input reference. Discard the pellets.
m CRITICAL STEP Diluting the chromatin reduces SDS concentration to B0.1% (wt/vol), which is suitable for immuno-
precipitation with most antibodies.
’ PAUSE POINT Chromatin from Z100,000 cells can be stored at �80 1C for up to 1 year; chromatin from smaller cell
numbers can be stored at �80 1C for at least two weeks. Prolonged storage has not been tested.

(x) Aliquot 100 ml chromatin each into, e.g., eight chilled 0.2-ml tubes (in strip form) containing antibody–bead complexes
held to the wall in the magnetic rack (on ice), and from which the RIPA buffer has been pipetted out (prepared in
Steps 1–5 from the main PROCEDURE). For less than eight ChIPs, store leftover chromatin at –80 1C.

(xi) Add 100 ml chromatin to a 0.6- or 1.5-ml tube chilled on ice. This will be used as input chromatin and processed as
described in either Box 3 or 4.
m CRITICAL STEP A 1.5-ml tube is used in this step if DNA is to be purified by phenol–chloroform–isoamylalcohol
extraction (Step 21A and Box 3). For DNA purification with Chelex-100 (Step 21B and Box 4), a 0.6-ml tube is preferred.

(B) For 100 cells
(i) Centrifuge formaldehyde-cross-linked cells at 470g for 10 min at 4 1C in a swing-out rotor with soft deceleration settings.

Aspirate the supernatant; leave B30 ml of the solution with the pellet.
(ii) Add 500 ml ice-cold PBS/Na-butyrate, resuspend the cells by gentle vortexing and centrifuge at 470g for 10 min at

4 1C using a swing-out rotor with soft deceleration settings.
(iii) Repeat the washing procedure (Step 12B(ii)) once. Leave B20 ml PBS/Na-butyrate with the pellet (invisible) after

removing the last wash.
(iv) Add 120 ml lysis buffer, vortex for 2 � 5 s and incubate for 3 min on ice.
(v) Centrifuge the nuclei at 860g for 10 min at 4 1C using a swing-out rotor with soft deceleration settings and discard the

supernatant; leave 20–30 ml of lysis buffer in the tube.
m CRITICAL STEP Keeping cells in lysis buffer for over 3 min prior to centrifugation increases the chance of SDS
precipitating. If the SDS precipitates during centrifugation, remove the lysis buffer, add 200 ml RIPA ChIP buffer, dissolve
the SDS by vortexing and centrifuge the nuclei as in Step 12B(v).

(vi) Add 120 ml RIPA ChIP buffer and vortex for 10 s.
(vii) Sonicate each tube on ice for 2 � 30 s, with 30-s pauses on ice between each 30-s session, using the probe sonicator

(cycle 0.5 and 30% power with the Labsonic M sonicator). Repeat for each tube while leaving the sonicated samples on ice.
m CRITICAL STEP When starting with 100 cells, it is impossible to visualize chromatin fragmentation by agarose gel
electrophoresis. Instead, we use a PCR assay (see Box 2).
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BOX 3 | PURIFICATION OF DNA FROM INPUT CHROMATIN SAMPLES BY
PHENOL–CHLOROFORM–ISOAMYLALCOHOL EXTRACTION

1. To input chromatin samples from Step 12 of the main Procedure, add 200 ml elution buffer and 7.5 ml of a 10� dilution (2 mg ml–1) of the
proteinase K solution, vortex and incubate on a heating block for 2 h at 68 1C.
2. Remove samples from the heating block and add 200 ml elution buffer.
3. Continue with the main Procedure from Step 21A(viii), processing the input samples and the ChIP samples in parallel.

BOX 4 | PURIFICATION OF DNA FROM INPUT CHROMATIN SAMPLES USING CHELEX-100

1. To input chromatin samples from Step 12, add 10 ml acrylamide carrier and 250 ml of 96% ethanol at –20 1C. Vortex thoroughly and place
at –80 1C for 30 min.
2. Thaw, immediately centrifuge at 20,000g for 15 min at 4 1C and wash the pellet in 500 ml of 70% ethanol. Dry the pellet.
3. Add 40 ml of 10% (wt/vol) Chelex-100 to the dried pellet and vortex for 10 s.
4. Continue with the main Procedure from Step 21B(ii), processing the input samples and the ChIP samples in parallel.
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(viii) For ChIP samples, pipette the lysate several times using a siliconized pipette tip and transfer into a 0.2-ml PCR tube
containing antibody-coated beads prepared in Steps 1–5 and from which the RIPA buffer has been removed. For input
samples, transfer into a 1.5-ml or 0.6-ml tube and process as described in Box 3 or 4, respectively.

Immunoprecipitation and washes
13| Remove the tube strips (from Steps 12A or 12B) from the magnetic rack to release the antibody–bead complexes into the
chromatin suspension and place the tubes on a rotator at 40 r.p.m. for 2 h at 4 1C.
’ PAUSE POINT This step can be carried out overnight at 4 1C if necessary, but prolonged incubation may lead to enhanced
background.

14| Centrifuge the tubes in a minicentrifuge for 1 s to bring down any solution trapped in the lid during the incubation on
the rotator, and capture the immune complexes (the ChIP material) on the tube wall by placing the tubes in the chilled
magnetic rack.

15| Discard the supernatant, add 100 ml ice-cold RIPA buffer and remove the tubes from the magnetic rack to release immune
complexes into the buffer. Resuspend the complexes by gentle manual agitation and place the tubes on a rotator at 40 r.p.m.
for 4 min at 4 1C.

16| Repeat Steps 14 and 15 two more times.
m CRITICAL STEP Always briefly spin the tubes in a minicentrifuge for 1 s to bring down any liquid trapped in the lid prior to
positioning the tubes in the magnetic rack.

17| Centrifuge the tubes in a minicentrifuge for 1 s.

18| Remove the supernatant, add 100 ml TE buffer and incubate on a rotator at 4 1C for 4 min at 40 r.p.m.

19| Centrifuge the tubes in a minicentrifuge for 1 s.

20| Place the tubes on ice (not in the magnetic rack), transfer the content of each tube into separate clean 0.2-ml tubes on
ice, capture the complexes in the magnetic rack and remove the TE buffer.
m CRITICAL STEP A drawback of most ChIP procedures is unspecific chromatin background. Background becomes significant
when reducing the amount of input material in ChIP due to reduction in the signal and, with a reduction of sample volumes, due
to an increase in surface-to-volume ratio. The tube surface is a source of unspecific binding of chromatin. Transferring the
ChIP material in TE buffer to a clean tube has in our hands proven to be critical to enhance specificity of the ChIP assay11.

Isolation of DNA
21| Two protocols are presented for recovery of DNA from ChIP material and from input chromatin. Option A describes DNA
elution, cross-link reversal and protein digestion steps, followed by a phenol–chloroform–isoamylalcohol DNA purification.
Option B describes a Chelex-100-mediated DNA purification reported previously26, with modifications for small samples and to
accelerate handling. Both procedures can be used regardless of the starting cell number in the ChIP assay without affecting
the result25,26. Protocols for DNA isolation from input chromatin are given in Box 3 (phenol–chloroform–isoamylalcohol) and
Box 4 (Chelex-100).
(A) DNA elution, cross-link reversal, proteinase K digestion and DNA purification from ChIP samples by
phenol–chloroform–isoamyalcohol extraction

(i) Place the tubes from Step 20 in a rack and add 150 ml complete elution buffer to each tube.
m CRITICAL STEP Step 21A(i–xiii) are performed at room temperature unless indicated otherwise.

(ii) Incubate for 2 h on the thermomixer at 68 1C, 1,300 r.p.m. Meanwhile, prepare the input sample (from Step 12)
as described in Box 3.
m CRITICAL STEP In contrast to conventional ChIP protocols, DNA elution from immune complexes, cross-link reversal
and protein digestion are combined into a single 2-h step11.

(iii) Remove tubes (Step 21A(ii)) from the thermomixer and centrifuge for 3 s with a minicentrifuge.
(iv) Capture the beads using the magnetic rack, collect the supernatant and place it into a clean 1.5-ml tube.
(v) Add 150 ml elution buffer to the remaining ChIP material and incubate on the thermomixer for 5 min at 68 1C,

1,300 r.p.m.
(vi) Remove the tubes from the thermomixer, capture the beads using the magnetic rack, collect the supernatant and combine

it with the first supernatant.
(vii) Add 200 ml elution buffer to the eluted ChIP material.
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(viii) Extract DNA once (from ChIP samples and from input samples prepared as described in Box 3) with an equal volume
of phenol–chloroform–isoamylalcohol, centrifuge at 15,000g for 5 min to separate the phases and transfer 460 ml of the
aqueous (top) phase to a clean tube.

(ix) Extract once with an equal volume of chloroform–isoamylalcohol, centrifuge at 15,000g for 5 min and transfer 400 ml of
the aqueous (top) phase to a clean tube.
m CRITICAL STEP Use filtered tips when adding phenol–chloroform–isoamylalcohol and chloroform–isoamylalcohol to
prevent the dripping of reagents during transfer.

(x) Add 44 ml of 3 M NaAc (pH 7.0), 10 ml of 0.25% (wt/vol) acrylamide carrier and 1 ml of 96% ethanol at –20 1C. Mix
thoroughly and incubate for at least 1 h at –80 1C.
’ PAUSE POINT DNA can be left at –80 1C for several hours or days if more convenient.

(xi) Thaw the tubes and centrifuge at 20,000g for 15 min at 4 1C.
(xii) Remove the supernatant, add 1 ml of 70% ethanol at –20 1C and vortex briefly to wash the DNA pellet. Centrifuge at

20,000g for 10 min at 4 1C. Repeat this step one more time.
(xiii) Remove the supernatant and dissolve the DNA in 30 ml TE for ChIPs from chromatin from 100 cells or 60 ml for a ChIP

from chromatin from 1,000 cells.
m CRITICAL STEP The volume of TE depends on the number of cells in the ChIP. Note that low DNA concentration leads
to degradation of the DNA more rapidly than at high concentrations. Thus, we recommend immediately to use DNA for PCR
for ChIPs from r1,000 cells. We have, however, stored DNA from ChIPs from 50,000 cells at –20 1C for months without
signs of degradation.
’ PAUSE POINT DNA can be immediately used for PCR or stored at –20 1C for up to 1 week if necessary.

(B) Purification using Chelex-100
(i) To the washed ChIP samples (from Step 20), add 40 ml of 10% (wt/vol) Chelex-100, release immune complexes and vortex

for 10 s.
m CRITICAL STEP Make sure the Chelex-100 beads are in suspension while pipetting and that the opening of the pipette
tip is large enough not to hinder the beads.

(ii) Boil ChIP samples and input samples (prepared as described in Box 4) for 10 min using, for example, a thermal cycler, and
cool to room temperature.

(iii) Add 1 ml proteinase K solution, vortex and incubate at 55 1C, 30 min, at 1,300 r.p.m. in the Thermomixer.
(iv) Boil for 10 min, centrifuge for 10 s in a minicentrifuge and keep tubes upright for B1 min on the bench, with no magnet,

to allow beads to settle.
(v) Using a siliconized tip, transfer 30 ml of the supernatant into a clean 0.6-ml tube chilled on ice.

m CRITICAL STEP When aspirating, be careful to avoid transferring beads as they may interfere with the PCR. Tilting of
the tube when pipetting may facilitate the procedure.

(vi) Add 10 ml MilliQ H2O to the remaining beads, vortex and centrifuge for 10 s in a minicentrifuge.
(vii) After the beads settle, collect 12 ml of the supernatant, pool with the first supernatant and vortex.

m CRITICAL STEP The volumes collected must be identical between samples if ChIP results are to be compared.
Chelex-100 enhances DNA recovery but yields larger volumes than phenol–chloroform–isoamylalcohol extraction and
ethanol precipitation. With the latter method, DNA can be eluted in as little as 10 ml; however, with the Chelex-100
method, it is difficult to elute in o40 ml. The final ChIP results, however, are similar when using either DNA isolation
method25,26.
’ PAUSE POINT The DNA can be immediately used for PCR or stored at –20 1C for up to 1 week.

Real-time PCR
22| Prepare individual 25 ml qPCRs, as tabulated below, for all ChIP samples and input samples with each primer pair. Also
include suitable standard curve samples using genomic DNA, preferably obtained through a similar preparation as input DNA.

Component Amount per reaction (ll) Final amount

MilliQ water 6.5
SYBR green master mix (2�) 12.5 1�
Forward primer (20 mM) 0.5 400 nM
Reverse primer (20 mM) 0.5 400 nM
DNA template 5

m CRITICAL STEP Prepare a standard curve with genomic DNA. Make sure to include a wide range of DNA concentrations
to cover the range of your ChIP DNA samples and generate a reliable standard curve. We routinely use seven concentrations
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ranging from 0.005 to 20 ng ml–1 DNA.
Use 5 ml DNA in each PCR. Determine one
standard curve for each primer pair and
for each PCR plate.

23| Set up a real-time PCR program
with 40 cycles.

24| Acquire the data using your
real-time PCR data acquisition program
(e.g., Bio-Rad MyIQ).
? TROUBLESHOOTING

Data analysis
25| Calculate the amount of DNA in
each sample using the standard curve.

26| Export the data into Excel
spreadsheets.

27| Determine the amount of precipi-
tated DNA relative to input as ((Amount
of ChIP DNA)/(Amount of input DNA))
� 100 and plot data into a histogram
(Figs. 4 and 5).
m CRITICAL STEP We analyze at least
three independent ChIPs, each in
duplicate qPCRs and express the data
as percent (±s.d.) precipitated DNA
relative to input DNA.
? TROUBLESHOOTING

� TIMING
Timings indicated are for eight parallel
ChIPs from one cell type.
Steps 1–5, preparation of antibody–
bead complexes: 2.5 h (takes place
during cross-linking, cell lysis and
chromatin preparation steps)
Steps 6–9, harvesting of cells and
counting: 5–10 min
Steps 10 and 11, cross-link and
quenching: 15 min
Steps 12A/12B, chromatin preparation
(lysis, shearing, dilution): 90 min
Steps 13–15, immunoprecipitation: 2 h
Steps 16–20, wash of immune
complexes: 30 min
Steps 21A and Box 3, DNA isolation
for ChIP and input samples (phenol/chloroform procedure): 6 h
Steps 21B and Box 4, DNA isolation for ChIP and input samples (Chelex-100 procedure): 1 h
Steps 22–24, qPCR: 3.5 h
Steps 25–27, Data analysis: 30 min

? TROUBLESHOOTING
Troubleshooting advice can be found in Table 1.
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Figure 4 | Micro chromatin immunoprecipitation (mChIP) analysis of the association of histone H3

modifications and of RNA polymerase II (RNAPII) to gene promoters in human embryonal carcinoma

NCCIT cells. (a) H3 modifications (shown on the x-axis) on the GAPDH, NANOG and OCT4 promoters, using

chromatin from 100,000 cells (top graph), chromatin from 10,000 cells and diluted to 1,000 cell

equivalents (middle graph) and chromatin from 1,000 cells diluted to 100 cell equivalents (bottom graph)

prepared as described in the procedure. Quantitative PCR (qPCR) analysis shows that with chromatin from

100,000 cells, transcriptionally permissive histone marks (H3K9ac, H3K4m2, H3K4m3) are enriched on

all promoters whereas repressive marks (H3K9m2, H3K9m3 and H3K27m3) are at background level.

All assays produce similar histone enrichment profiles. Note that the relative precipitation value (y-axis)

increases as the amount of chromatin in the ChIP assay decreases. Standard deviations between ChIP

replicates also increase. (b) mChIP analysis of RNAPII binding to the GAPDH, OCT4 and SLC10A6 promoters

using the same chromatin preparations as in a. RNAPII occupies the GAPDH and OCT4 promoters,

consistent with expression of the genes in NCCIT cells25, but is detected at low level on the inactive

SLC10A6 promoter. The red line in a and b illustrates mean background level which increases as the

amount of chromatin in the ChIP assay is reduced. (c) mChIP is suitable for analysis of histone and RNAPII

binding in 100 cells as starting material. The graph shows the analysis of H3K9ac, H3K4m3, H3K9m2

and RNAPII binding to the GAPDH, NANOG, OCT4 and SLC10A6 promoters in separate 100-cell samples

for each antibody, and for a no-antibody (No Ab) control. In all experiments, two to nine independent

ChIPs were performed with each antibody and data were analyzed by duplicate qPCR in each replicate.

Data are expressed as percent precipitation relative to input chromatin (mean values ± s.d.). Modified

from ref. 24 with permission.
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TABLE 1 | Troubleshooting table.

Step Problem Possible reason Solution

24 No PCR signal Insufficient amount of chromatin
(Steps 9 and 12)

Increase the amount of cells or chromatin. Note that it may
be difficult to extract all chromatin from certain primary
cell types

ChIP did not work (Steps 5,
13–14)

Use ChIP-grade antibodies if possible; do an antibody
titration

PCR did not work (Steps 22–23) Set up a control quantitative PCR with the same primers
on genomic DNA and optimize PCR conditions. We
recommend testing primers on a Bioanalyzer 2100 to
enable quantification and separation of amplicons of
near-identical length and ease primer–dimer detection.
Ensure there is no carryover Chelex-100 beads with
template (sediment the beads and transfer supernatant
into a clean tube)

24, 27 Chromatin immunoprecipitation
assay (ChIP) PCR signal weaker
than expected

Insufficient DNA template
(Steps 9, 12, 22)

Increase amount of ChIP DNA template in the PCR. Increase
amount of chromatin in the ChIP

27 Insufficient chromatin
fragmentation

Material is over cross-linked
(Step 10)

Reduce cross-linking time

Insufficient cell lysis
(Steps 12A(iv), 12B(iv))

Increase duration of vortexing and intensity. Alternatively,
snap-freeze in liquid nitrogen and thaw to aid lysis. Assess
lysis of a 2 ml sample under the microscope

Insufficient sonication
(Steps 11A(v), 11Bvii)

Increase duration of sonication and/or number of sonication
rounds. Ensure the sonicator probe is not in contact with the
tube wall

Foaming occurs (Steps 11A(v),
11B(vii))

Ensure the sonicator probe is placed deep enough, a few
millimeters from the bottom of the tube. Reduce sonication
intensity

Elevated background signal Unspecific immunoprecipitation
(Steps 5, 13, 20)

Use ChIP-grade antibodies and if possible, do an antibody
titration; reduce duration of incubation of antibody/beads
with chromatin; ensure the tube-switch step (Step 21) is
performed

Insufficient washes (Steps 15–19) Increase number and/or stringency of the washes after IP

Variations in PCR signal intensity
between replicates

Inconsistent chromatin
preparations between samples
(Step 12)

Ensure that large insoluble chromatin clumps and cell debris
are removed by sedimentation after fragmentation. Be careful
not to carry-over debris when aspirating the chromatin
supernatant

Inconsistent sonication
(Steps 11A(v), 11B(vii))

Practice sonication on larger cell numbers (e.g., 100,000)
until fragmentation is reproducible

Variable amounts of Dynabeads
between samples (Steps 1–5)

Ensure magnetic beads are well suspended while pipetting

Too little and variable amounts
of input DNA template, producing
high Ct values (Steps 21, 22)

Increase amount of input DNA template and ensure consis-
tency between replicates; ensure ethanol-precipitated DNA is
fully dissolved before performing PCR
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ANTICIPATED RESULTS
This protocol enables the immunoprecipitation of up to seven different proteins and the inclusion of a negative control and
an input chromatin reference sample, from a single batch of 1,000 cells (Fig. 4a,b). The profiles of histone modifications
identified from chromatin prepared from 1,000 cells and from starting batches of 100 cells are similar (Fig. 4a,c). Nonetheless,
PCR cycle numbers differ between 100,000- and 100-cell ChIPs, as shown in Supplementary Figure 1 online, as expected from
the lower amount of template ChIP DNA in the latter reaction. Furthermore, from B1-mm3 biopsies, the profiles of histone H3
modifications and RNAPII binding are reflective of the expression status of the genes examined (Fig. 5). Note that we recover
soluble chromatin, for ChIP, from B3,000 cells from a 1-mm3 biopsy, judged by qPCR analysis25. Chromatin from a biopsy of this
size can be diluted further to enable more ChIPs, albeit with fewer PCRs per ChIP. The use of DNA amplification kits should
allow the analysis of more genomic sites and of the whole genome13.

mChIP precipitates more DNA relative to input than conventional ChIP, as reflected by enhanced precipitation values when
the amount of chromatin is reduced (Fig. 4a,b). This is likely due to an increased ratio of bead–antibody complex to antigen
in the immunoprecipitation25. In addition, when scaling down ChIP assays, the relative background signal increases (Fig. 4a,b,
red line). This can be explained by the reduction in the amount of input chromatin while the total antibody-coupled bead
surface area (the most likely source of unspecific binding) remains the same. The amplitude of standard deviations from qPCR
assays also increases as cell numbers decrease in the ChIP assay11,25 (Fig. 4a; compare s.d. in the top, middle and lower graphs).
This is likely because the amount of target genomic sequence is closer to the detection limit by real-time PCR, so minor variations
in the number of DNA template molecules translate into enhanced variability. Increased apparent variation between replicates in
100-cell ChIP assays, therefore, reflects technical artifacts more than biological variation. In spite of these apparent limitations,
however, interpretation of the results is not affected. Of note, data are considered to be of poor quality, however, when the
enrichment expected is not significantly greater (defined by a t-test) than background level and/or when the data are inconsistent
between replicates, leading to heterogeneous enrichment profiles. Remedies to these problems are given in Table 1.

Note: Supplementary information is available via the HTML version of this article.
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