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Abstract

In mammalian cells, gene transcription is regulated in a cell type specific manner by the interactions of transcriptional factors with genomic DNA.
Lineage-specific transcription factors are considered to play essential roles in cell specification and differentiation during development. ChIP
coupled with high-throughput DNA sequencing (ChIP-seq) is widely used to analyze genome-wide binding sites of transcription factors (or its
associated complex) to genomic DNA. However, a large number of cells are required for one standard ChIP reaction, which makes it difficult to
study the limited number of isolated primary cells or rare cell populations. In order to understand the regulatory mechanism of oligodendrocyte
lineage-specific transcription factor Olig2 in acutely purified mouse OPCs, a detailed method using ChIP-seq to identify the genome-wide binding
sites of Olig2 (or Olig2 complex) is shown. First, the protocol explains how to purify the platelet-derived growth factor receptor alpha (PDGFRα)
positive OPCs from mouse brains. Next, Olig2 antibody mediated ChIP and library construction are performed. The last part describes the
bioinformatic software and procedures used for Olig2 ChIP-seq analysis. In summary, this paper reports a method to analyze the genome-wide
bindings of transcriptional factor Olig2 in acutely purified brain OPCs.

Video Link

The video component of this article can be found at https://www.jove.com/video/57547/

Introduction

It is important to study the protein (or protein complex) DNA bindings and the epigenetic marks to build transcriptional regulatory networks
involved in various biological processes. Particularly, the bindings of transcription factors to the genomic DNA can play an important role in the
gene regulation, the cell differentiation, and the tissue development. A powerful tool for studying the transcriptional regulation and epigenetic
mechanisms is chromatin immunoprecipitation (ChIP). Owing to the rapid advancements in the next generation sequencing technology, ChIP
coupled with high-throughput DNA sequencing (ChIP-seq) is used for the analyses of protein-DNA bindings and epigenetic marks1. However,
a standard ChIP-seq protocol requires about 20 million cells per reaction, which makes the application of this technique difficult when the cell
number is limited, such as isolated primary cells and rare cell populations.

Oligodendrocyte lineage cells including oligodendrocyte precursor cells (OPCs) and oligodendrocytes are widely distributed throughout the
brain and are essential for the development and function of the brain. As a type of precursor cells, OPCs are capable of both self-renewal and
differentiation. OPCs not only serve as progenitors for oligodendrocytes but also play an important role in the propagation of neuronal signaling
by communicating with other types of brain cells2. Previous studies have suggested that oligodendrocyte development is regulated by lineage-
specific transcription factors such as Olig2 and Sox103,4. These transcription factors were found to bind to the promoter or enhancer regions of
some crucial genes to influence their expression during oligodendrocyte specification and differentiation. However, it is challenging to identify
DNA binding of protein (or protein complex) of interest in acutely purified primary OPCs with a very limited number of cells.

This protocol describes how to systematically investigate the genomic DNA immunoprecipitated by Olig2 in purified mouse OPCs at genome-
wide scale using ChIP-seq technique. OPCs from mouse brains were acutely purified by immunopanning and used in a ChIP experiment without
proliferation in vitro. A limited number of OPCs can be obtained by immunopanning and is insufficient for standard ChIP-seq experiments.
Herein, a low-cell ChIP-seq protocol with as low as 20 thousand cells per ChIP reaction for transcription factors is described. In brief, cross-
linked cells were lysed and sonicated by a sonication device to shear the chromatin. The sheared chromatin was incubated with Olig2 antibody
as well as protein A-coated beads to precipitate Olig2 antibody bound genomic DNA. After elution from protein A-coated beads and reverse
cross-linking, genomic DNA precipitated by Olig2 antibody was purified by phenol-chloroform extraction. The resulting product was quantified
and subjected to T-tailing, primer annealing template switching and extension, the addition of adapters and amplification, library size selection
and purification steps for ChIP-seq library construction.

After sequencing, the quality of the raw reads from both the sample prepared with Olig2 transcription factor antibody and the control sample
was analyzed. Low-quality base pairs and adapter containing read fragments were trimmed. Next, trimmed reads were aligned to the mouse
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reference genome. The genomic regions that were significantly enriched for ChIP reads, compared to the control sample, were detected as
peaks. Significant peaks, representing potential transcription factor binding sites, were filtered and visualized in a genome browser.

Notably, the method described in this protocol can be broadly used for ChIP-seq of other transcription factors with any cell type of limited
numbers.

Protocol

All animal usage and experimental protocols were performed in accordance with the Guide for the Care and Use of Laboratory Animals and
approved by the Institutional Biosafety Committee and Animal Welfare Committee at the University of Texas Health Science Center at Houston.

1. Purification of PDGFRα Positive Oligodendrocyte Lineage Cells from Mouse Brain
(modified from previously described immunopanning protocols5,6,7)

1. Preparation of an immunopanning plate for PDGFRα positive cell selection and 2 plates for depletion of endothelial cells and
microglia.
 

NOTE: Please note that Petri dishes but not cell culture dishes work for immunopanning experiment; if the purified cells will be used for
culturing, immunopanning steps must be carried out in the biosafety cabinet

1. Coat a 10 cm Petri plate with 30 µL goat anti-rat IgG in 10 mL of pH 9.5, 50 mM Tris-HCl overnight at 4 °C. Agitate the plate to make
sure the surfaces of the plates are evenly and entirely covered by the coating solution.

2. Prepare PDGFRα antibody solution by diluting 40 µL of rat anti-PDGFRα antibody with 12 mL of Dulbecco's phosphate-buffered saline
(DPBS) containing 0.2% BSA.

3. After 3 washes of IgG coated plate with 10 mL 1x DPBS each, incubate IgG-coated plate with PDGFRα antibody solution at room
temperature for 4 h.

4. Wash the rat anti-PDGFRα antibody coated plate 3 times with 10 mL 1x DPBS each. Gently add DPBS solution along the side wall of
the plate and do not disturb the coated surfaces.

5. Coat 2 new 15 cm Petri plates for depletion of endothelial cells and microglia with 20 mL of DPBS containing 2.3 µg/mL of Banderiaea
simplicifolia lectin 1 (BSL-1) for 2 h.

6. Wash the BSL-1 coated plates 3 times with 20 mL 1x DPBS. Gently add DPBS solution along the side wall of the plates and do not
disturb the coated surfaces.

2. Purification of PDGFRα positive oligodendrocyte lineage cells is modified from previously published methods6,7,8.
1. Dissect the cortical tissues from 2 postnatal day 7 (P7) mouse brains according to previously published protocols5,6.
2. Dissociate the tissues to generate a single-cell suspension with neural tissue dissociation Kit (P) according to detailed manufacturer's

instructions.
3. Briefly, cut the dissected cortical tissues into pieces with a scalpel and subject them to enzymatic digestion at 37 °C. After digestion,

manually dissociate the pieces with Fire-polished glass Pasteur pipettes into a single-cell suspension.
4. Centrifuge the single-cell suspension at 300 x g for 10 min at room temperature and suspend cell pellet using 15 mL of immunopanning

buffer (immunopanning buffer is DPBS with 0.02% BSA and 5 µg/mL insulin).
5. Incubate the single-cell suspension from 2 mouse brains sequentially on 2 BSL-1 coated plates for 15 min at room temperature with

gentle agitation of the plate every 5 min to ensure a better depletion of microglia and endothelial cells.
6. Gently swirl the plate to collect the non-adherent cells in the cell suspension and incubate them on the rat-PDGFRα antibody-coated

plate for 45 min at room temperature.
7. After the incubation of the cell suspension on the rat-PDGFRα antibody-coated plate, gently swirl the plate to collect the cell

suspension, and rinse the plate 8 times with DPBS to get rid of non-adherent cells. Gently add wash solution along the side wall of the
plate and agitate the plate several times to get rid of non-adherent cells.

8. Detach the cells from the rat-PDGFRα antibody coated plate using a 4 mL of cell detachment solution treatment for 10 min at 37 °C.
Shake the plate to dislodge adherent cells.

9. Collect the purified OPCs by centrifugation at 300 x g at room temperature, suspend the cell pellet with 2 mL OPC cell culture medium
and count the cells by using trypan blue and a hemocytometer (500 mL cell culture medium is DMEM/F12 medium containing 5 mL
penicillin-streptomycin solution (P/S), 5 mL N2, 10 mL B27, 5 µg/mL insulin, 0.1% BSA, 20 ng/mL bFGF and 10 ng/mL PDGFRα).

3. Validation of the purity of OPCs after immunopanning.
1. In order to evaluate the enrichment of OPCs after immunopanning, use some of the purified OPCs for RNA extraction with a guanidium

thiocyanate based extraction according to manufacturer's instructions.
2. Perform qRT-PCR by using fluorescent green dye master mix to check for the enrichment of PDGFRα expression in purified OPCs as

compared with dissociated brain cells according to the previously published materials4.
3. Additionally, seed some purified OPCs into the Poly-D-Lysine coated 24 well plates for immunostaining with anti-NG2 chondroitin

sulfate proteoglycan (NG2) antibody as previously published materials9.

2. Low-cell ChIP Preparation and ChIP Library Construction for High-Throughput
Sequencing

1. Olig2 Low-cell ChIP preparation with a commercially available sonication system and a commercially available low cell number
ChIP kit (see Table of Materials) by following the detailed standard procedures from manufacturer's instructions.
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1. After detaching from the rat anti-PDGFRα antibody-coated plate and the cell counting with trypan blue and a hemocytometer put
20,000 purified OPCs in 1 mL OPC cell culture medium for each ChIP reaction.

2. Add 27 µL of 36.5% formaldehyde to fix cell suspension for 10 min at room temperature.
 

Caution: Please note that formaldehyde must be used in the chemical fume hood for safety reasons.
3. Stop DNA-protein cross-linking with 50 µL 2.5 M glycine for 5 min at room temperature.

 

NOTE: All steps must be carried out on ice or in 4 °C cold room from this point.
4. Wash the cross-linked cell pellets with 1 mL of ice-cold Hanks' Balanced Salt Solution (HBSS) with protease inhibitor cocktail and get

cells pelleted by a pre-cooled centrifuge at 300 x g at 4 °C.
5. Lyse the cell pellet in 25 µL complete Lysis Buffer for 5 min on ice.

 

NOTE: Agitate the tube to suspend the cells in Lysis Buffer.
6. Supplement the cell lysate with 75 µL ice-cold HBSS containing protease inhibitor cocktail and shear the chromatin of cell lysate by

pre-cooled sonication system with 5 cycles of 30 s ON and 30 s OFF program. Always sonicate 6 tubes together and make sure the
balance tubes contain 100 µL water.

7. After shearing, centrifuge at 14,000 x g for 10 min 4 °C and collect supernatant in a new tube after centrifugation.
8. Dilute 100 µL of sheared chromatin with the equal volume of ice-cold complete ChIP Buffer with the protease inhibitor.
9. Save 20 µL of the diluted sheared chromatin as Input control sample.

 

NOTE: Input control sample is also required as the comparison to Olig2 immunoprecipitated sample to identify Olig2 antibody
immunoprecipitated DNA.

10. Add 1 µL of rabbit anti-olig2 antibody to 180 µL of the diluted sheared chromatin and incubate the reaction tube on a rotating wheel at
40 rpm for 16 h at 4 °C.
 

NOTE: Perform this step in a cold room.
11. For each ChIP reaction, wash 11 µL magnetic protein A-coated beads with 55 µL Beads Wash Buffer and put the bead pellet in 11 µL

of bead wash buffer after 2 washes.
 

NOTE: Perform this step in a cold room.
12. For each ChIP reaction, add 10 µL of pre-washed Protein A-coated beads to ChIP reaction tube. Perform this step in a cold room.
13. Incubate the ChIP reaction tube at 4 °C for another 2 h on a rotating wheel.
14. Put the ChIP reaction tube on the magnetic rack for 1 min.

 

NOTE: Perform this step in a cold room.
15. Remove the supernatant and don't dislodge the bead pellet.
16. Wash the bead pellet with 100 µL for each of 4 wash buffers respectively for 4 min on a rotating wheel at 4 °C.
17. After washes, add 200 µL of elution buffer to the bead pellet and incubate the ChIP reaction tube at 65 °C for 4 h to reverse cross-link

protein-DNA.
18. Additionally, add 180 µL of elution buffer to 20 µL Input control sample and incubate at 65 °C for 4 h to reverse cross-link protein-DNA

as well.
19. Add 200 µL 25:24:1 (v/v) mixture of phenol, chloroform, and isoamyl alcohol to each ChIP reaction tube.
20. Vortex vigorously for 1 min and centrifuge at 13,000 x g for 15 min at room temperature. Transfer the upper phase to a new tube.
21. Add 40 µL 3 M sodium acetate solution, 1,000 µL of 100% ethanol and 2 µL of glycogen precipitant covalently linked to a blue dye to

each ChIP reaction tube overnight at -20 °C.
22. Centrifuge at 13,000 x g for 20 min at 4 °C.
23. Discard the supernatant, wash with 500 µL cold 70% ethanol and centrifuge at 13,000 x g for 20 min at 4 °C.
24. Discard the supernatant, keep the pellet air dry for 10 min and dissolve the pellet with 50 µL water.

2. ChIP library construction for high-throughput sequencing
1. Clean and concentrate the ChIP DNA with a clean-up kit according to the manufacturers' instructions.
2. Quantify the ChIP sample by a pico-green according to the manufacturer's instructions.
3. Use a ChIP-seq kit for T-tailing, replication and tailing, template switching and extension, the addition of adapters and amplification,

library size selection and purification according to the manufacturer's instructions.
1. After denaturation of dsDNA, dephosphorylate the 3' end of ssDNA by shrimp alkaline phosphatase and add a poly (T) tail to the

ssDNA by terminal deoxynucleotidyl transferase.
2. Anneal the DNA Poly (dA) Primer to the ssDNA template for the DNA replication and template switching.
3. After template switching, amplify the ChIP-seq library by PCR with the forward and reverse primers for indexing.
4. Select the PCR amplified ChIP-seq library with fragments ranging from 250 to 500 bp by paramagnetic beads by option 2 for

double size selection.
5. Examine the quality of the selected ChIP-seq library using a microfluidic chip-capillary electrophoresis device.

3. Data Analysis

1. Prepare directory structure.
1. Create a directory for performing the ChIP-seq data analysis. Inside the newly created directory, create six subdirectories with the

following names: raw.files, fastqc.output, bowtie.output, homer.output, macs2.output, motif.analysis, and reports.

2. Prepare data and perform quality control analysis of raw sequence data.
1. Move to the "raw.files" directory and download the ChIP-seq data files.
2. Verify the filenames. If the sequencing was paired-end, there will be 4 files (two for treatment and two for input) with similar base

names: PDGFRα_Olig2.read1.fastq, PDGFRα_Olig2.read2.fastq, PDGFRα_input.read1.fastq, and PDGFRα_input.read2.fastq. If the
filenames are different, rename them using the "mv" command.

3. Move to the "fastqc.output" directory.
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4. Obtain quality control metrics from the raw reads using a fastq file quality control software10. Use the command in Figure S1A to run
the quality control process separately for each fastq file. The software will display several quality control metrics in an html file.

5. Open the html quality control file and verify the number of reads, read length, per base sequence quality, per sequence quality scores,
sequence GC content, sequence duplication levels, adapter content and kmer content.

3. Trim trailing low-quality reads and adapter content.
1. Observe the "Per base sequence quality" and "Adapter Content" plots. Determine the trimming length for both the head and tail of each

read. An adequate length for trimming is where the base quality falls below 30 and there is evidence of adapter content.
2. Move to the "raw.files" directory.
3. Download and install a software for trimming reads11. Use the command in Figure S1B for trimming both the treatment and the input

separately. Parameter 'CROP' indicates the remaining read length after trimming bases from the end and 'HEADCROP' specifies the
number of bases to be eliminated from the start of the read.

4. The trimming command also includes the minimum read length to be accepted after filtering in the parameter 'MINLEN'. If reads are at
least 50 bp, use 35 bp as the read length threshold.

5. Move to the "fastqc.output" directory.
6. Perform the fastq file quality control analysis after trimming the reads. Verify that the quality control issues have been resolved. Use the

command in Figure S1C to obtain the quality control metrics.

4. Align the single-end or paired-end ChIP-seq reads to the mouse reference genome.
1. Move to the "bowtie.output" directory for mapping.
2. Download the GENCODE mm10 mouse reference genome. Rename the mm10 mouse reference genome as "mm10.fa".
3. Download a read mapper12 and install it in the system.
4. Create an index file of the downloaded reference genome using the command in Figure S2A. Six files are automatically created:

mm10.1.bt2, mm10.2.bt2, mm10.3.bt2, mm10.4.bt2, mm10.rev.1.bt2, and mm10.rev.2.bt2.
5. Use the command in Figure S2B to execute the alignment and adjust parameter "-p" to the number of processing cores according to

your system settings. If running paired-end mode, parameters "-1" and "-2" indicate the names of the trimmed fastq files.
 

NOTE: Mapping is performed separately for the treatment and input samples and output metric log files are created for each sample.
6. Download a software for manipulating files in SAM format13 and install it in the system. Convert the aligned SAM file into a BAM file

using the command in Figure S2C.

5. Obtain quality control metrics of mapped reads before peak calling for both paired-end treatment and control samples.
1. One of the most important quality control metrics to address is the sequencing depth. Open the files "log.bowtie.PDGFRα_Olig2.txt"

and "log.bowtie.PDGFRα_input.txt " in the bowtie.output directory and verify that the number of uniquely mapped read pairs in each
sample is greater than 10 million.

2. Move to the "homer.output" directory.
3. Download a software for motif discovery and next-generation sequencing analysis14 and install it in the system.
4. Create a directory named "tagDir".
5. To verify tag clonality, use the command depicted in Figure S3A. The "makeTagDirectory" command will generate four quality control

output files:tagAutocorrelation.txt, tagCountDistribution.txt, tagInfo.txt, and tagLengthDistribution.txt.
6. Move to the "tagDir" directory.
7. Copy the "tagCountDistribution.txt" file into the "reports" directory.
8. Move to the "reports" directory.
9. Open the tagCountDistribution.txt file using a spreadsheet program and create a bar plot of the number of tags per genomic position.

Store the histogram file with the name "tag.clonality.xlsx".
10. Install R programming language15 in the system.
11. In the terminal, type 'R' and press ENTER to access the R programming environment.
12. Download an R package for processing ChIP-seq data16 and install it using the command depicted in Figure S3B.
13. Use the R script in Figure S3C to plot the strand cross-correlation.

6. Detection of peaks using a peak mapper.
1. Move to the "macs2.output" directory. Download and install a peak mapper17 in your system.
2. Use the function "callpeak" with the treatment and control BAM files generated in Step 3.4.6.

 

NOTE: Other parameters include "-f" for input file format, "-g" for genome size, "-name" for indicating the base name of all output
files, and "-B" for storing the fragment pileup in bedgraph format. The complete peak calling command is included in Figure S4A. Use
BEDPE for paired-end samples. 

3. Verify that the peak mapper generated six files: PDGFRα_Olig2_vs_PDGFRα_input_peaks.xls,
PDGFRα_Olig2_vs_PDGFRα_input_peaks.narrowPeak, PDGFRα_Olig2_vs_PDGFRα_input_summits.bed,
PDGFRα_Olig2_vs_PDGFRα_input_model.r, PDGFRα_Olig2_vs_PDGFRα_input_control_lambda.bdg, and
PDGFRα_Olig2_vs_PDGFRα_input_treat_pileup.bdg.

4. Open file PDGFRα_Olig2_vs_PDGFRα_input_peaks.xls to view the called peaks, location, length, summit position, pileup, and the
peak enrichment metrics: -log10(pvalue), fold enrichment, and -log10(q-value).

7. Filter and annotate called peaks.
1. Using the file opened in the previous step, filter resulting peaks according to the fold enrichment, the p-value and/or the q-value. To

decide adequate filtering thresholds, make a histogram plot to determine the density of each metric. Filter out values below a selected
threshold to obtain significant peaks.

2. Download the mm10 blacklist (regions are known to have artificially high signal) and filter out the ChIP-seq peaks which are inside any
of those artifact regions.

3. Create a bed file with the filtered peaks containing the following columns: chromosome, start, end, peakID, mock, and strand. Fill the
mock column with a dot "." since it is not used. In the strand column, set all values to "+". Save the bed file as "filtered.peakData2.bed".
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4. Copy the "filtered.peakData2.bed" file in the "reports" directory.
5. Move to the "reports" directory.
6. To annotate filtered peaks to a specific gene region, use the function "annotatePeaks" with the bed file created in the previous step.

The command used is shown in Figure S5A.
7. Open the "filtered.annotatedPeaks.txt" file using a statistical software.
8. Filter resulting peaks lying in an intergenic region at a distance greater than 5 kb from an annotated TSS. Use the "Distance to TSS"

column in the file as the distance for filtering. Store the filtered peaks in an excel file named "5kbup.geneBody.peakData.txt".
9. Store the resulting filtered peaks in a bedGraph file with columns: chromosome, start, end, and -log10(q-value). Name the file

"5kbup.geneBody.peakData.bedGraph".

8. Generate bigwig files for browser visualization.
1. Download and install a software for genome arithmetic18.
2. Download a tool for converting bedgraph to bigwig and install in the system. Download the 'mm10.chrom.sizes' file.
3. Use the command in Figure S6A to generate a bigwig file.
4. Download and install a genome browser19 in the system.
5. Open the genome browser and load the file "5kbup.geneBody.peakData.bigwig" to visualize the filtered significant peaks and their

location with respect to known genes.

9. Motif Search.
1. Move to the "motif.analysis" directory.
2. Download a de novo motif scanning and motif enrichment program and install it into your system20.
3. Download a comprehensive motif database that includes motifs of Olig2.
4. Obtain the genomic sequences of 500 bp regions centered at significant peak summits. Store the sequences as peak.sequences.txt.

Use the command in Figure S7 to search for Olig2 motifs within each of the 500 bp peak regions.
5. Filter the resulting motifs using an adequate E-value (default = 0.05).

Representative Results

Low-cell ChIP-seq was performed and bioinformatic analyses were done to investigate the potential interactions of transcriptional factor
Olig2 with genomic DNA in acutely purified brain OPCs. Figure 1 shows a general workflow of both the experimental and the data analysis
procedures. In this protocol, postnatal mice brains were dissociated into a single-cell suspension. After tissue dissociation, immunopanning was
performed to purify OPCs by using PDGFRα antibody. Figure 2 shows the significant enrichment of PDGFRα, little expression of neuron marker
Tuj1 (neuron-specific class III beta-tubulin), astrocyte marker GFAP (glial fibrillary acidic protein), microglia marker ionized calcium binding
adaptor molecule 1 (Iba1), myelinating mature oligodendrocytes marker myelin basic protein (Mbp) and myelin-oligodendrocyte glycoprotein
(Mog) from purified OPCs as evaluated by RT-qPCR. Additionally, immunostaining result indicates the majority of cells are NG2 positive as
shown in Figure 2. Subsequently, 20 thousand purified OPCs per reaction were fixed by formaldehyde and chromatin was sheared by using
a sonication system. Olig2 low-cell ChIP was performed and the library was constructed. After ChIP library preparation, the quality of the
generated product was validated by a microfluidic chip-capillary electrophoresis device. Figure 3 shows an example electropherogram of an
Olig2 low-cell ChIP library. A clear peak of Oligo2 library product ranging from 250 to 500 bp should be visible after size selection of library PCR
product. The ChIP-seq libraries of both the sample prepared with Olig2 transcription factor antibody and the control sample were subjected to
high-throughput sequencing to produce paired-end 50 cycle sequencing reads. Longer read lengths will improve the mapping rates and reduce
the probability of multi-mapping, at the expense of sequencing costs. With 50 bp ChIP-seq paired-end sequencing libraries, good results are
usually achieved.

After the initial quality control assessment of raw reads and trimming of adapters and trailing low-quality base pairs, the quality control plots are
depicted in Figure 4. Trimmed reads should have a base quality greater than 30, no adapter sequences, and have a low duplication rate (Figure
4B-D). Good quality trimmed reads will increase the overall alignment rate. Other parameters such as GC content are also important and should
be considered for trimming.

Once the sequencing samples are aligned, it is necessary to verify the sequencing depth. It is known that the number of called peaks will
increase with a higher sequencing depth since weak sites will become statistically more significant21. A saturation analysis is required to
determine a sufficient sequencing depth for each specific transcription factor used, at the expense of time and budget. A consensus sequencing
depth for transcription factor binding has been suggested by the ENCODE consortium regarding mammalian samples: a minimum of 10 million
uniquely mapped reads for each of at least two biological replicates22. The number of uniquely mapped reads and the overall alignment rate
were calculated by the read mapper. An example of good mapping metrics is shown in Figure 5A. Aligned reads should be mapped to distinct
genomic locations, indicating an adequate library complexity, also referred to as tag clonality. The ENCODE consortium suggests that at least
80% of the 10 million of aligned reads should be mapped to different genomic regions22. Figure 5B shows an adequate tag clonality in which
more than 90% of the reads are mapped to only one genomic location. Low-complexity libraries generally occur when not enough DNA is
obtained, and the PCR amplified fragments are sequenced repeatedly. A low-complexity library will yield a high false peak detection rate.

When using paired-end ChIP-seq data, fragments bind around the transcription factor with a certain distance of separation. Paired-end
sequencing will allow for a more accurate estimation of the mean fragment length yielding a better estimation of the genomic regions where more
binding occurred. The strand correlation plot depicts a peak of enrichment corresponding to the predominant fragment length. As observed in
Figure 5C, the calculated fragment length is 130 bp whereas the read length is 50 bp. A ChIP-seq dataset where the fragment length is longer
than the read length is indicative of high quality16.
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The output of peak calling is a list of genomic regions likely to be bound by the transcription factor (or its complex). The list of genomic regions
or peaks is included in a "bed" file which may be viewed in a genome browser. For each peak, this file contains a peak ID, the genomic location
of the peak summit, and the FDR as -log10 (q-value). The significantly enriched peaks are those with higher fold-enrichment and significance
metrics. An example of the output peak file is shown in Figure 6A. After selecting significant peaks using custom thresholds, filtering peaks
within ENCODE's blacklist23, and identifying peaks within a gene's promoter region (5 kb upstream and whole gene body), a "bigwig" file is useful
for viewing peaks in a genome browser. Most enriched peak regions have a higher probability of transcription factor binding. It is important to
confirm peak presence in known transcription factor regulatory regions as well as peak absence in regions where transcription factor binding
is unlikely. Figure 6B-E shows examples of gene regions with and without peak enrichment as well as their location with respect to ENCODE
promoter regions.

In silico complementary methods to ChIP-seq experiment are motif enrichment analysis and de novo motif search. Since Olig2 binding in OPCs
has not been studied before, Olig2 ChIP-seq derived peaks in motor neuron progenitor cells and embryonic stem cells were used for de novo
motif identification4,24. Olig2 de novo identified motifs were added to the comprehensive ENCODE motif database25 and motif enrichment
analysis was performed. High enrichment of the de novo identified OLIG2 motifs and known transcription factor (HDAC2, SP1, FOXP1, NR3C1,
NFKB2/4, SMAD2/3, PAX5, and ASCL1) motifs were found in ChIP-seq peaks of PDGFRα purified cells. An enrichment of 30 de novo identified
motifs with an E-value < 0.05 was discovered. Figure 7 shows the top two de novo identified motifs of Olig2. These two de novo identified Olig2
motifs were found in >60% of the ChIP-seq peaks obtained from PDGFRα purified cells, in addition to known motifs.

 

Figure 1: Overview of the protocol workflow. PDGFRα positive OPCs were isolated from postnatal mouse brains and were subjected to Olig2
ChIP experiment. The precipitated DNA fragments were used for preparing ChIP library. After assessment of library quality, samples were used
for sequencing. Data sets were analyzed, and peaks were identified, indicating potential Olig2 binding sites in OPC purified cells. Please click
here to view a larger version of this figure.
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Figure 2: Evaluation of the purity of immunopanned OPCs by qPCR and immunostaining. (A) PDGFRα antibody immunopanned cells
were seeded and immunostaining was performed by using OPC lineage marker NG2 antibody. Blue: DAPI, Green: NG2. Scale bar = 10 µm.
(B) The relative expression level of neuron marker Tuj1 in purified OPCs (PDGFRα+) and in dissociated brain cells (mix) were evaluated. Tuj1
expression in dissociated brain cells was set to 1. (C) The relative expression level of astrocyte marker GFAP in purified OPCs (PDGFRα+)
and in dissociated brain cells (mix) was evaluated. GFAP expression in dissociated brain cells was set to 1. (D) The relative expression level
of OPC marker PDGFRα in purified OPCs (PDGFRα+) and in dissociated brain cells (mix) was evaluated. PDGFRα expression in dissociated
brain cells was set to 1. (E) The relative expression level of myelinating mature oligodendrocytes marker Mog in purified OPCs (PDGFRα+)
and in dissociated brain cells (mix) was evaluated. Mog expression in dissociated brain cells was set to 1. (F) The relative expression level
of myelinating mature oligodendrocytes marker Mbp in purified OPCs (PDGFRα+) and in dissociated brain cells (mix) was evaluated. Mbp
expression in dissociated brain cells was set to 1. (G) The relative expression level of microglia marker Iba1 in purified OPCs (PDGFRα+) and in
dissociated brain cells (mix) was evaluated. Iba1 expression in dissociated brain cells was set to 1. Data in B-G represent triplicate experiments
and error bars indicate standard error. T-test analysis * P <0.05. Please click here to view a larger version of this figure.

 

Figure 3: An example electropherogram of a library from Olig2 low-cell ChIP. After double size selection, the quality of Olig2 ChIP library
was analyzed by a microfluidic chip-capillary electrophoresis device. Please click here to view a larger version of this figure.
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Figure 4: Representative quality control results for a 50 bp read length low-cell ChIP-seq sample. (A) Summary table depicting the total
number of reads, number of poor quality reads, sequence length, and overall GC content. (B) Plot indicating the distribution of base quality
scores at different positions in the reads. (C) Plot showing the potential adapter content at different positions in the reads. (D) Line plot indicating
the percent of duplicated sequences. The majority of reads originate from sequences which only occur once within the library, therefore indicating
a low duplication rate or high library complexity. Please click here to view a larger version of this figure.

 

Figure 5: Quality control metrics obtained before peak calling: bowtie2 alignment metrics, strand cross-correlation, and tag clonality.
(A) Alignment metrics obtained from the read mapper. The most important metrics are the number of uniquely mapped read pairs, indicated
as "aligned concordantly exactly 1 time", and the overall alignment rate. (B) Histogram showing the tag clonality. Bars indicate the percent of
genomic positions where tags were found. (C) An example of a cross-correlation plot indicating good quality data. Red lines depict the read
length at 50 bps and the predominant fragment length at 130 bps. Please click here to view a larger version of this figure.
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Figure 6: ChIP-seq peak regions and genome browser views of significant ChIP-seq peaks at different genomic locations. (A) Example
of the peak regions identified with the peak caller. (B) Significant ChIP-seq peaks found in the gene body of Cspg4, a known OPC marker gene.
(B) No ChIP-seq peaks were found either in the promoter regions or within the gene bodies of Mbp gene, a marker for mature oligodendrocytes,
(C) Tubb3, a neuronal cell marker, or (D) GFAP, a cell marker of astrocytes. Please click here to view a larger version of this figure.

 

Figure 7: Highly enriched de novo identified motifs of Olig2 found in PDGFRα-Olig2 ChIP-seq peaks.  Please click here to view a larger
version of this figure.

Figure S1: Preparation of ChIP-seq data sets. (A) Directory architecture definition. (B) Calculating raw read quality control metrics. (C)
Trimming of reads. Please click here to download this file.

Figure S2: Alignment of reads to the reference genome. Please click here to download this file.

Figure S3: Quality control of aligned reads, to address strand cross-correlation and determine tag clonality. Please click here to
download this file.

Figure S4: Peak calling. Please click here to download this file.
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Figure S5: Annotation of significant peaks. Please click here to download this file.

Figure S6: Conversion of bedGraph file format to bigwig for peak visualization in the genome browser. Please click here to download this
file.

Figure S7: De novo motif search and motif enrichment. Please click here to download this file.

Figure S8: Flow-chart describing the bioinformatics analysis of ChIP-seq data. Please click here to download this file.

Discussion

Mammalian gene regulation networks are very complex. ChIP-seq is a powerful method to investigate genome-wide protein-DNA interactions.
This protocol includes how to perform Olig2 ChIP-seq by using a low number of purified OPCs from mouse brains (as low as 20 thousand cells
per reaction). The first key step for this protocol is the purification of OPCs from mouse brains by immunopanning with PDGFRα antibody. For
positive selection of OPCs with PDGFRα coated plates, OPCs often weakly bind to the PDGFRα coated plates. Even after several washes, there
are still some non-adherent cells left. It is important to check the non-adherent cells after each D-PBS wash under a microscope. If more D-
PBS wash does not help to reduce the number of non-adherent cells, it is time to collect the selected cells, since excess washes might dislodge
attached OPCs and reduce the yield of purified cells. However, insufficient washes may result in the contamination of other brain cells types.
Therefore, every time after isolation, it is necessary to evaluate the purity of the isolated OPCs by immunostaining with OPCs marker NG2 qPCR
for the expression of known cell-type specific genes such as Tuj1 for neurons, GFAP for astrocytes, PDGFRα for OPCs, Iba1 for microglia,
and MOG and MBP for myelinating mature oligodendrocytes. As shown in Figure 2, immunostaining result indicates that the majority of the
purified cells are positive for NG2 staining. In addition, some classic cell-type specific markers for neurons, astrocytes, microglia and myelinating
mature oligodendrocytes exhibit undetectable or extremely low expression levels in purified OPCs when compared to the unpurified brain cell
mixture. PDGFRα exhibits high expression level in purified OPCs when compared to the unpurified brain cell mixture. Using immunopanning
method, microglia are greatly reduced in the purified OPCs compared to the unpurified brain cell mixture, but a small amount of contamination
exists. This observation is consistent with previous publications by others7,8,26. Additionally, when compared with previously published reports,
a commercially available kit is used in this protocol for the standardized, efficient and convenient dissociation of brain tissues into single-cell
suspensions.

After cross-linking of purified OPCs, the cross-linked cells should be washed with ice-cold HBSS solution and the remaining ChIP steps should
be carried out at 4 °C, otherwise the antibody cannot precipitate the genomic DNA properly.

The next key step in this protocol is library preparation. The PCR amplification of ChIP material was used for library construction. The number of
PCR cycles for library preparation depends on the amount of starting DNA. A good library preparation requires accurate quantification of input
DNA amount. Too many or too few PCR cycles can influence library concentration as well as the complexity, leading to PCR artifacts.

It is challenging to construct ChIP-seq library when using a limited number of cells for immunoprecipitation27. The previously used standard
ChIP protocol requires 10 ng of immunoprecipitated DNA for ChIP-seq library preparation1,28. However, the protocol described here normally
generates 2 ng of immunoprecipitated DNA by Olig2 antibody from 20,000 OPCs. DNA is used to prepare the ChIP-seq library by a single-step
adapter addition method, which enables enhanced sensitivity allowing picograms of immunoprecipitated DNA to be amplified. By combining
commercial kits, this protocol provides a practical solution to perform ChIP-seq for transcriptional factors based on a small number of cells.

Importantly, the low cell ChIP-seq protocol described is applicable for ChIP-Seq of other transcription factors in primary cells or rare cell
populations as well. Antibodies used in this protocol need to be experimentally validated to be specific by IP experiment first. Non-specific
binding of antibodies will lead to poor results. Additionally, it is preferable to carry out this low cell ChIP-seq experiment in cells with a high
expression level of the transcription factor of interest.

For data analysis, it may be challenging to decide which values to use as filtering cut-offs after peak calling. Depending on the objectives of
the analysis, stringent or more relaxed parameters may be used. Generally, a combination of fold-enrichment and either p-value or FDR is
used. If some binding sites of the transcription factor under study were previously known, this may help in determining the filtering thresholds.
Transcription factor binding site databases derived from publicly available ChIP-seq experiments in different cell lines and conditions have been
compiled29,30. One could search for a gene and check if transcription factor binding sites have been previously found. However, it is important to
be aware that transcription factor binding sites differ depending on cell types and conditions.

In silico complementary methods to ChIP-seq experiment are motif enrichment analysis and de novo motif search using MEME-ChIP20 or
similar programs. The motif search requires a comprehensive known and de novo derived motif database such as the ENCODE motifs25 or the
Hocomoco database31. Hocomoco is a database of motifs discovered from publicly available human and mouse ChIP-seq experiments. If motifs
for the assayed protein are unknown, the de novo motif search could reveal repetitive sequence patterns in a significant fraction of the peaks as
new motifs. The potential combinatorial action of transcription factors may be unveiled when motifs of other transcription factors are also found to
be enriched in the resulting peaks.

The enriched peak regions may be experimentally validated by using the chromatin of mutant or knockout cells as controls. Performing ChIP-
seq using cells not expressing the transcription factor are used for identifying false positive peaks, also denoted as "phantom peaks"32. False
positives should be filtered out.

It is also interesting to compare the resulting ChIP-seq peaks with transcriptomic data. The PDGFRα-Olig2 ChIP-seq peaks were compared with
the expression of genes in OPCs from a previous publication18. This strategy may be limited since expressed genes in OPCs may be controlled
by mechanisms other than Olig2 transcription factor binding. Additionally, Olig2 transcription factor may bind to a gene's regulatory region but the
gene might have low gene expression level due to possible inhibitory mechanisms or the lack of co-factors necessary for gene transcription.
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ChIP-seq is a method used for identifying genome-wide DNA binding sites of transcription factors and other proteins. However, through analysis
of co-occurrence of transcription factors, researchers found that transcription factors tend to associate with other proteins forming co-regulatory
modules33. This means some bindings between transcriptional factors and genomic DNA revealed by ChIP-seq are indirect and bridged by other
proteins. Therefore, to achieve more meaningful results researchers should consider studying more than one transcription factor simultaneously.
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