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    Chapter 11   

 Mammalian Genome Plasticity: Expression Analysis 
of Transposable Elements       

     Brian     B.     Griffi ths     and     Richard     G.     Hunter      

  Abstract 

   Transposable elements (TEs) are mobile genetic elements, which constitute the single largest fraction of 
the mammalian genome. Though long assumed to be silent junk or parasitic, recent research has  established 
that most of these elements are transcribed, often in a cell- and tissue-specifi c fashion and that this expres-
sion appears to be regulated in response to environmental infl uences. Therefore, it seems quite possible 
that these elements might prove to have a functional role in mammalian physiology and cell biology. 
Transposons have also been identifi ed as pathogenic factors in both humans and animal models of diseases 
from cancer to neurodegeneration. These fi ndings have stimulated further interest in transposon biology 
and created the need for further dissemination of the methods for analysis of TE expression, which is the 
goal of this chapter.  

  Key words     Retrotransposon  ,   RNA-sequencing  ,   PCR  ,   In situ hybridization  ,   Chromatin immuno- 
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1      Introduction 

 Transposable elements (TEs) are genomic elements capable of 
moving themselves, transposing, around the genome. They do so 
in a variety of ways, which help defi ne the various classes of 
 transposable elements functionally and taxonomically. Transposons 
are divided into two major classes, retrotransposons, which use 
RNA intermediates produced by reverse transcriptase to copy and 
paste themselves around the genome, and DNA transposons, 
which transpose DNA directly without intermediates [ 1 ,  2 ]. 
Transposons comprise as much as half of most mammalian genomes 
[ 3 – 6 ], and their biology has been subject to extensive study over 
the years since their discovery by McClintock more than half a 
century ago [ 7 – 17 ]. However, due in part to labels like “junk” and 
“parasite” attached to these elements by eminent biologists such as 
Crick and Ohno [ 18 ,  19 ], as well as the more obvious functional 
signifi cance of genes, this research effort has paled in comparison 
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to that spent on protein-coding genes. Further, it has distracted 
attention from what the functional role of these elements, in both 
health and disease, might be. 

 Starting with Kazazian’s discovery of the role of transposons in 
the genetic pathology of Hemophilia [ 12 ], more research has 
focused on the capacity of transposition to produce pathology in 
humans and other species. More recently, it has become apparent 
that transposition can contribute to disease, as well as to genomic 
diversity in organs like the brain and immune system where it can 
have positive functional effects [ 20 – 22 ]. Further, transposition 
contributes substantially to individual genomic diversity and 
genome evolution, as genomic rearrangements caused by these 
 elements accumulate at levels far higher than those visible by 
 examination of coding sequences alone [ 23 – 27 ]. However, trans-
position is not the only feature worthy of attention with regard to 
these elements. Most transposons were long assumed to be 
 transcriptionally silent. However, recent large-scale genomics 
efforts such as ENCODE and others, as well as next-generation 
sequencing efforts, have established that many of these elements 
are actively transcribed in a cell-type specifi c manner. Moreover, 
they appear to be involved not only in regulating their own 
expression, but the expression of nearby genes as well [ 28 – 30 ]. 
Transposon transcription can be regulated by environmental 
 infl uences like stress in the mammalian brain [ 31 – 34 ]. Aberrant 
expression of transposons has been linked to a number of human 
diseases including neurodegeneration, autoimmune disorders, and 
cancer [ 2 ,  35 ,  36 ]. The fact that transposable elements are so 
actively transcribed, while somatic transposition rates are relatively 
low, has led to  questions about what the role of transposon RNA 
might be in mammalian cells. To answer these questions, we must be 
able to analyze their expression, which is the aim of this chapter.  

2    Materials 

   In order to analyze the expression of transposon RNA, it is neces-
sary to extract the RNA from the tissue sample of interest. RNA 
extraction kits are widely available and should be chosen based on 
the optimal product for the sample and sample preparation you are 
using, e.g., for unfi xed brain or adipose tissue a lipid extraction kit, 
such as the Qiagen RNeasy Lipid Tissue Kit (Qiagen) is ideal.  

   RT-PCR reagents are widely available from a variety of manufac-
turers and should be selected based on familiarity and the target 
sequence to be examined. Generally, if detection of a specifi c 
 transcript is the priority, then Taqman-based methods are to be 
preferred, whereas SYBR green and similar intercalating dyes are 
preferred when higher sensitivity is a priority.  

2.1  RNA Extraction

2.2  RT-PCR
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   As these methods generally depend on the availability of a  particular 
piece of capital equipment in a laboratory or core facility, the choice 
of platforms is usually predetermined. With regard to microarrays 
the difference between the most common platforms comes down 
to whether transposon transcripts are included on the arrays, and 
the extent to which these transposon transcripts overlap with one’s 
research question. With regard to next-generation sequencers, the 
depth of sequencing possible with mid- to high- end sequencers 
such as the Illumina HiSeq 2500 or NextSeq 500 is better for the 
analysis of transposon RNA expression. As it improves the ability of 
alignment programs to distinguish highly similar and common 
transposon transcripts, paired-end sequencing, and greater 
sequence length, are preferable where possible.   

3    Methods 

   Which approach is best for analyzing TE expression depends very 
much on the research question asked. If the expression of a small 
number of known TEs is suffi cient, then RT-PCR is the most cost 
effective and accessible approach for most laboratories. However, 
when the goals are more discovery-oriented or the question 
 pertains to large-scale transcriptional or chromatin regulation of 
these elements, then next-generation sequencing approaches are 
more appropriate. Thus, if chromatin–TE interactions are at the 
root of our research program, we might start with a ChIP-
sequencing experiment to identify which TEs are associated with a 
particular chromatin state or mark. In order to determine if this 
association infl uences the transcriptional activity of the elements 
identifi ed, we would then proceed to use RNA-sequencing to 
build a global picture of the transcriptional impact of the particular 
Chromatin–TE interaction we are seeking to examine. Finally we 
might then use RT-PCR to examine a small subset of these TEs in 
more detailed mechanistic experiments, or in situ hybridization to 
assess their anatomical distribution.  

   Prior to the development of the polymerase chain reaction (PCR), 
the northern blot was the dominant method for detecting specifi c 
RNAs extracted from cells or tissue. Northern blotting utilizes gel 
electrophoresis, much like Western blotting, to sort a sample of 
RNAs by size, these are then transferred to a blot and hybridized 
with either RNA or DNA antisense probes labeled to aid in visual-
ization. RNA probes, due to their greater length, can increase 
specifi city, while DNA probes are easier to work with. Choice of 
label is also important. Radioactive labeling with P 32  provides 
 maximum sensitivity, while colorimetric methods offer greater ease 
of use. Though less commonly used at present, due in part for 
the need for larger amounts of starting material, Northerns have 

2.3  Microarrays 
and Sequencing

3.1  Choosing 
an Approach

3.2  Northern Blotting 
and In Situ 
Hybridization
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the benefi t of being able to identify transcript length, which is 
 signifi cant when examining TEs, as they are prone to the produc-
tion of multiple transcripts, some of which are processed further 
into small RNAs by the RNAi machinery [ 37 ]. Of course the 
 information can also be obtained from RNA-Seq experiments, but 
for research questions about a particular TE northern blotting 
remains a cost effective approach. 

 In situ hybridization (ISH) permits the localization of RNA 
transcripts to a high degree of cellular and anatomical resolution. 
In tissues like the brain, where anatomical and cellular specifi city 
are signifi cant factors, ISH may be the only approach available to 
analyze the spatial expression of TEs, especially given our limited 
understanding of the extent to which TE transcription results in 
protein expression. ISH, as its name suggests, involves hybridizing 
labeled RNA or DNA probes to tissue or cells in situ and visualiz-
ing them using either colorimetric agents or radioactive labeling. 
Radioactive labels are preferred when precise quantitation and 
 sub- cellular localization are needed. They may also be the best 
means when transcript levels are very low, as signal can be increased 
with greater exposure time of the sample to either photographic 
fi lm or emulsion (often weeks in length, though exposures of up to 
a year have been used in some cases,  see   Note 1 ). 

 Probe design for ISH and Northern blotting is similar. For 
RNA probes, a clone of the transcript of interest is cloned into an 
expression vector, which is then transcribed in competent cells, 
purifi ed and labeled. Generally, the full-length probe will be used in 
Northerns, while the probe is often fragmented for ISH to increase 
its ability to infi ltrate tissue samples. DNA oligonucleotide probes 
can be built in a fashion similar to that utilized for PCR primer and 
probe design, with a target melting temperature (Tm) between 60 
and 65 °C being best for most protocols. As with all probe and 
primer design, running the probes and their complements through 
BLAST (  http://blast.ncbi.nlm.nih.gov/Blast.cgi    ) is useful to 
reduce off-target hybridizations. Stringency is  controlled with high 
salt and high temperature washes after the hybridization step [ 38 ].  

   One method to test for the expression of TEs is to use Reverse- 
Transcription Polymerase Chain Reaction (RT-PCR; [ 39 ]). 
Although solutions exist for multiplexing RT-PCR [ 40 ], amplifi ca-
tion biases and false-negatives that can occur mean best results are 
often achieved by looking at one target per well. This makes it 
time-intensive compared to other methods (though it is much 
faster than ISH), but is the present standard for showing expres-
sion changes. Many of the higher throughput assays are used to 
select candidates for RT-PCR confi rmation, an approach used by 
Rowe and collaborators in showing that KRAB-associated protein 
1 (KAP1) silences endogenous retroviruses in mouse embryonic 
stem cells [ 41 ], which used RNA-Seq and ChIP-Seq methods to 
fi nd RT-PCR targets. 

3.3  RT-PCR
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 The fi rst step in RT-PCR is to extract RNA from sample cells. 
Once the RNA is extracted, it must be reverse-transcribed into 
DNA. After the DNA copy is made, primers can be designed to 
target the TE of interest and the reaction can be quantifi ed. 

 RNA extraction can be easily and reliably done with a variety 
of fi lter-tube kits for about $5 per sample. In short, the process 
involves collecting a fresh or frozen sample, lysing the cells, fi lter-
ing out the RNA in an affi nity column, and washing all other cell 
products away. Both the quantity (concentration) and quality of 
extracted RNA can be measured using a spectrometer such as a 
NanoDrop. Then the extracted RNA can be frozen at −80 °C and 
stored until needed. 

 Reverse Transcription is a relatively straightforward process, 
with kits available from a variety of manufacturers. It is important 
to know the concentration of RNA template you are adding to 
each reaction, and vary the reagents accordingly. We generally pre-
fer to perform the reverse transcription and PCR reactions sepa-
rately when developing assays for new targets, as it makes the 
process easier to troubleshoot.  

   Several tools now exist which allow the researcher to easily design 
and order PCR primers for testing DNA sequences of interest. 
With the NCBI’s Primer-BLAST one can paste in a FASTA 
sequence or upload a fi le of multiple sequences [ 42 ]. Potential 
primer sequences are automatically analyzed with BLAST for spec-
ifi city. Integrated DNA Technologies (IDT) offers a similar inter-
face with their PrimerQuest software, but with the additional 
benefi t of being able to purchase the primers directly from their 
website [ 43 ]. Both websites use the Primer3 software developed 
by the Whitehead Institute for Biomedical Research. 

 After entering a desired sequence to be amplifi ed, several 
parameters can be adjusted according to the specifi c needs of the 
project. Primers can be ordered for general PCR, with an attached 
probe, or for use with intercalating dyes such as SYBR Green. 

 Because many TEs are small, it is important to keep amplicon 
length in mind. Designing a primer with padding on the 5′ side of 
the desired TE target can increase the chance that it will bind to 
the specifi c target. This increases the specifi city for the intended 
target, because the same core TE sequence may show up in mul-
tiple places in the genome, and may be expressed from more than 
one source, while fl anking sequences are likely to be more unique. 
If overall levels of a particular class of TE are to be quantifi ed, then 
primers can be designed to the core sequence of that class.  

   Quantitative Reverse-Transcription PCR (qRT-PCR) uses changes 
in fl uorescence intensity of special dyes in between cycles [ 44 ]. 
Taqman probes are specially designed primers that incorporate a 
fl uorescent tag that becomes active when bound to DNA [ 45 ]. 

3.4  Designing PCR 
Primers

3.5  qRT-PCR
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Intercalating dyes, such as SYBR Green, are only fl uorescent when 
they are trapped in the grooves of double stranded DNA. For both 
of these methods, as the number of replicated targets increases, so 
does the intensity of the fl uorescence. Specialized thermocyclers 
can record the level of intensity for each cycle. Because the replica-
tion is ostensibly exponential, a quantifi cation curve can be 
 generated with this data, and the number of cycles a target takes to 
reach a certain threshold ( C  T  score) directly relates to the amount 
of template that was present at the start. This value can be com-
pared to other targets in the same sample, such as a positive control 
(usually β-Actin or GAPDH), or to other samples for the same 
target. While it is often assumed that each cycle of amplifi cation 
represents a doubling of target sequence, no chemical reaction 
proceeds with 100 % effi ciency, for this reason it is important to 
determine the effi ciency of your thermocycler if exact quantitation 
is desired, or, if possible, use digital PCR.  

   In samples where the TE expression levels may be too low to be 
accurately quantifi ed using traditional q-PCR methods, or where 
very precise quantitation is desired, digital PCR can help elucidate 
expression differences. The technique has been utilized very effec-
tively to precisely quantitate the exact number of transpositions in 
the human cortex [ 46 ], and has many potential applications where 
exact assessment of sequence number is important. Digital PCR is 
so named because it utilizes a system of ones and zeros. A small, 
dilute aliquot of sample DNA is put into multiple wells per plate. 
Instead of using fl uorescence intensity and exponential amplifi ca-
tion to quantify total template present, as in RT-PCR, the well is 
counted as either containing the sample target (a one), or not 
(a zero). Because of the small amounts of DNA added to each well, 
not all wells will contain the target, and quantity can be deduced 
through fi tting the results to a Poisson distribution [ 47 ].  

   Microarrays are useful for looking at a large number of targets in 
a single assay. Most arrays utilize a hybridization probe: a single- 
stranded oligonucleotide that is anchored to a fi lter and denatured. 
The oligonucleotide is antisense to the sequence of interest. 
Standard microarrays can analyze the expression of tens of 
 thousands of genes and expressed sequences. Some whole-genome 
microarrays include TEs, though most concentrate on annotated 
genes. Standard arrays have been used to discover changes in TE 
expression in mammalian brain [ 33 ,  34 ]. With off-the-shelf arrays, 
this method may be better suited for examining the expression of 
TEs that are situated in the introns and exons of genes, rather than 
TEs in the intergenic regions; however custom built arrays can be 
utilized to target TEs specifi cally. A TE-specifi c array recently been 
created by the Boeke group [ 48 ], and could be of great utility if it 
becomes commonly available. 

3.6  Digital PCR

3.7  Microarrays
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 Other microarrays look at a single target, but use binding 
 frequency data for quantifi cation purposes, similar to digital 
PCR. This method was used to determine that mice have approxi-
mately 3000 active L1 elements [ 49 ].  

     Perhaps the best method for determining the expression of TEs is 
to sequence all expressed RNAs with RNA-Seq [ 50 ], align them to 
the source genome, and count the number of occurrences for all 
reads. The method is generally superior to microarray for a number 
of reasons [ 51 ]. As with PCR, the results of this method can be 
diffi cult to interpret with regard to small repeats. As many transpo-
son sequences are found in multiple places in the genome and 
transposon transcripts can be variable in length, unique alignments 
can be diffi cult, thus the stringency with which multiple alignments 
are excluded from analysis may need to be relaxed depending on 
the research question. As with all next-generation sequencing 
methods, determination of ideal sequencing depth, either through 
preliminary experiments or by applying standard calculations and 
protocols, is important if a truly representative sampling is to be 
achieved [ 52 ]. Choice of RNA extraction method is also very 
important with regard to TEs. Standard RNA-Seq protocols 
 typically utilize a poly-A selection to increase the representation of 
mRNA in the sample. Many TE-derived transcripts have poly-A 
tails, and so will be retained in these samples, however many tran-
scripts are not polyadenylated and will be lost if this approach is 
used. For this reason either total RNA, or total RNA prepared so 
as to remove ribosomal RNA, with products such as RiboMinus™ 
(Life Technologies), will provide a more representative sample 

 RNA is extracted from a sample and fragmented. Fragmentation 
for next-generation sequencing is an important step, as differently 
sized fragments will lead to biases in sequencing. Several solutions 
exist for precise fragmentation, such as precision sonicators or 
enzymatic hydrolysis. After fragmentation, the RNA is 
 reverse- transcribed into cDNA and purifi ed for sequencing. After 
sequencing reads are aligned to a reference genome or transcrip-
tome. With regard to TEs, de novo alignment or alignment to 
Repeatmasker may be needed in order to ensure that poorly anno-
tated TE sequences are captured by the analysis [ 53 ]. Peak calling 
software is then utilized to determine the number and location of 
signifi cant peaks of a particular quality ( see   Note 2 ). After  alignment 
it is also possible to analyze transcript data for different transcript 
length and splicing utilizing programs such as TopHat [ 54 ].  

   Chromatin Immunoprecipitation (ChIP) is a method for  examining 
DNA-Protein interactions [ 55 ]. As such, ChIP-Seq is useful to 
identify TEs which might be interacting with a particular element of 
chromatin or the transcriptional machinery in order to narrow down 
the number of TEs one might wish to subject to expression analysis. 

3.8  Next-Generation 
Sequencing

3.8.1  RNA-Seq

3.8.2  ChIP-Seq
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Similar methods, such as methylated DNA Immunoprecipitation 
(MeDIP-Seq) can also be used depending on the nature of the 
research. The fi rst step in ChIP is to cross-link the DNA to the 
bound proteins. The DNA is then precisely fragmented, usually into 
segments about 500 bases long. Metallic beads that contain an anti-
body with affi nity for the protein of interest bind the protein while 
the rest of the DNA and cell contents are washed away. The DNA 
and protein are then unlinked with heat and proteinase K treatment, 
leaving behind only DNA that was bound by the protein in vivo. 
This DNA can then be analyzed via next-generation sequencing, or 
RT-PCR if a specifi c target is being examined. When developing 
ChIP assays, it is important to have positive and negative PCR 
 controls to confi rm antibody specifi city ( see   Note 3 ). 

 This is a valuable tool for examining the transcription factors 
or cofactors that may bind to TEs and affect their expression, as 
was done by Lynch and collaborators who assessed the large array 
of factors bind to the mammalian-specifi c TE MER20 during 
pregnancy [ 56 ]. As TEs are often found in heterochromatin, 
ChIP-Seq can be used to identify TEs which are associated with 
particular marks, some of which may be involved in regulating 
their expression, as the histone H3 lysine 9 trimethylation mark 
appears to be [ 31 ,  41 ]. 

 The power of ChIP can be further increased by sequencing the 
DNA library after unlinking. This creates a read of the DNA 
sequence associated with the protein, which can then be analyzed 
for changes in binding. In one study, researchers looked at the 
binding of RNA polymerase II to TE sites to estimate expression 
levels [ 57 ], and ChIP-seq will likely be used with more frequency 
as the cost of DNA sequencing continues to decline. 

 Model-based Analysis of ChIP-Seq (MACS) is a popular tool 
for peak calling [ 58 ]. It uses a global and local average to fi nd 
instances where more protein was bound to a specifi c region of 
DNA than is explainable by random chance. This tool is available 
as a command line tool for Linux systems, or with a graphical user 
interface through the Galaxy project [ 59 – 61 ].   

   Because transposition can lead to a unique genotype for individual 
neurons, looking at population expression of TEs may not be 
 suffi cient for all hypotheses. Fluorescence Activated Cell Sorting 
(FACS) is a tool for selecting a common population of cells [ 62 ]. 
In investigation of the central nervous system, this is often used to 
sort glial cells from neurons in order to detect small expression 
changes that may be washed out by a heterogeneous population. 
In single-neuron sequencing done by Evrony et al. [ 46 ], it was 
used to select for using the neuron-specifi c antibody NeuN. The 
individual genome of 300 neurons was amplifi ed and then indi-
vidually sequenced in order to inspect the rate of L1 transposition. 

3.9  Single-Cell 
Sequencing
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While the rate of L1 transposition for individual neurons was 
determined to be very low (0.6–0.04 %), it was deemed sensitive 
enough to detect transposition in a single cell [ 46 ]. This method 
may be used in the future to explore other facets of TE expression 
in individual cells. Alternatively, laser capture microdissection 
(LCM) can be utilized to dissect single cells from tissue sections 
mounted on specialized microscope slides. For expression analysis, 
this approach may be superior to FACS as it does not require the 
lengthy dissociation and sorting steps, which will alter transcrip-
tion globally. With LCM, expression can be fi xed when the tissue 
is harvested either by fi xation or freezing.  

   Because TEs number in the thousands, it is not practical to search 
sequencing data for possible TEs manually. RepeatMasker is 
 software designed to mask out TEs for classic genetic studies, 
where TEs are seen as problematic [ 63 ]. After converting the 
sequencing fi le to FASTA format, the sequences can be run 
through RepeatMasker, which will then fi nd all the TEs and gen-
erate a report, summarizing by TE class and family. Another fi le 
will list every individual TE found. This fi le can then be cross-
referenced to sequencing data to use the statistics metrics provided 
by those analyses. TE transcripts can then be fi ltered by  P -value, 
false discovery ratio and fold change in expression to identify tar-
gets for further analysis.   

4    Conclusions 

 Though transposable elements were discovered decades ago, they 
remain a signifi cant and exciting frontier for a number of  biological 
disciplines. We have attempted to provide an overview of some of 
the methods available for their analysis so that they might become 
a more accessible area of research. Nonetheless, given rapid 
advances, particularly in bioinformatics and next-generation 
sequencing technology, it is likely they will be quickly improved 
upon or even largely superseded, as has been the case with 
Northern blotting. Another area where change is likely is in the 
analysis of TE protein expression. To date only a few such proteins 
are known to be expressed in mammalian tissues, and some have 
proven  diffi cult to detect even when circumstantial evidence for 
their presence is high, such as the LINE1 ORF2 protein [ 64 ]. 
Development of new antibodies or application of advanced mass 
spectrometry techniques are likely to be of assistance in analyzing 
the expression of TE-derived peptides in the immediately 
 foreseeable future. Readers are encouraged to consult the recent 
literature in their area for refi nements and additions to the 
 framework presented here.  

3.10  Identifying TE 
in Sequencing Data
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5    Notes 

     1.    Though many molecular techniques are available in kit form, 
ISH often requires optimization when being established for 
the fi rst time. For this reason a positive control is highly 
 desirable. This can take the form of a section from a tissue 
known to be high in the target transcript, or a homogenate of 
the target tissue doped with synthetic target sequence. For 
radioactive ISH, standard micro scales should be used to cali-
brate radioactive signal to optical density on fi lm. Controls for 
nonspecifi c binding are also important, typically a 100-fold 
excess of unlabeled probe added to the hybridization step, 
which will block hybridization of labeled probe and permit 
identifi cation of background and nonspecifi c binding.   

   2.    RNA-Seq is a very powerful technique, but this power and the 
volume of data it can produce contribute to a substantial risk 
of erroneous results. For this reason, genes whose expression 
changes are known should be used as controls within the data, 
and any signifi cant change in expression should be confi rmed 
with another method, such as RT-PCR in a separate confi rma-
tion experiment.   

   3.    ChIP depends critically on three factors: proper fi xation, soni-
cation, and antibody specifi city [ 55 ]. Fixation depends on the 
affi nity of the protein of interest for DNA; histones can often 
be ChIPed without fi xation (native ChIP) as their affi nity for 
DNA is quite high, while many transcription factors or  elements 
of the transcriptional machinery will require longer fi xation 
times or more powerful fi xation agents than the 1 % formalde-
hyde often used for histone marks. Sonication should reliably 
produce a smear of DNA fragments concentrated around 
 300–500 bp. Benchtop horn or bath sonicators are not reliable 
enough for this purpose, so more specialized sonicators, such 
as those produced by Diagenode or Covaris, are required. 
ChIP should never be performed with an antibody that has not 
been confi rmed to work for ChIP. Many manufacturers do so, 
but it is worth confi rming that the fraction of DNA IPed with 
a particular antibody is specifi c by using both positive and 
 negative controls and comparing these for enrichment over an 
un-IPed input sample of DNA.         
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