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    Chapter 16   

 Identifi cation and Analysis of Genomic Homing 
Endonuclease Target Sites 

           Stefan     Pellenz     and     Raymond     J.     Monnat     Jr.    

    Abstract 

   Homing endonucleases (HEs) are highly site-specifi c enzymes that enable genome engineering by  introducing 
DNA double-strand breaks (DSB) in genomic target sites. DSB repair from an HE-induced DSB can pro-
mote target site gene deletion, mutation, or gene addition, depending on the experimental protocol. In this 
chapter we outline how to identify potential genomic target sites for HEs with known target site specifi cities 
and the different experimental strategies that can be used to assess site cleavage in living cells. As an example 
of this approach, we identify potential human genomic target sites for the LAGLIDADG HE I-CreI that, by 
nine different selection criteria, may be new “safe harbor” sites for gene insertion.  

  Key words     Homing endonuclease (HE)  ,   DNA double-strand break (DSB)  ,   Position weight matrix 
(PWM)  ,   Position-specifi c scoring matrix (PSSM)  ,   Genomic target site  ,   Safe harbor site (SHS)  

1      Introduction 

 Homing endonucleases (HEs) are valuable reagents for genome 
engineering in many organisms because of their exceptionally long 
DNA target sites and high specifi city of site cleavage [ 1 – 3 ]. HEs 
can be used to cleave specifi c genomic target sites to promote gene 
disruption, modifi cation, or addition at the cleavage site. This 
engineering capability may be broadly generalizable to many genes 
and genomic regions, as HEs with different target specifi cities con-
tinue to be identifi ed, and it has become easier to engineer new 
target site specifi cities for existing HEs [ 4 ]. Existing HEs can also 
be used to facilitate the most common gene therapy goal, which is 
therapeutic gene insertion. This chapter provides protocols for the 
identifi cation and analysis of potential target sites for well- 
characterized HEs in sequenced genomes to facilitate basic science 
and enable therapeutic gene insertion. 

 The starting point for the identifi cation of potential genomic HE 
target sites is a detailed knowledge of HE cleavage specifi city. Homing 
endonucleases exhibit some fl exibility in their DNA recognition 
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sequence, i.e., they are able to tolerate some base pair changes within 
their target site without losing site-specifi c activity. This target site 
degeneracy can be quantifi ed in the form of binding [ 5 ] or cleavage 
[ 6 ,  7 ] profi ling of a target site: HE pair or the interrogation of 
 complex target site libraries (ref. Chapter   11    ). The resulting binding 
or cleavage profi les can be integrated to generate an HE-specifi c tar-
get site position weight matrix (PWM) or position-specifi c scoring 
matrix (PSSM) to enable subsequent target site searches (ref. 
Chapter   11    ). Within a PWM, a numerical value refl ecting binding or 
cleavage effi ciency is assigned to each nucleotide at every target site 
position. PWM values are typically referenced to the native base at 
that position which is assigned to an activity of 100 %. PWM can also 
be generated that refl ects the informational content of target site base 
pair positions (ref. Chapter   11    ). 

 Two useful, web-accessible tools can be used to convert 
HE-specifi c PWMs into lists of genomic target sites. The 
LAGLIDADG homing endonuclease database and engineering 
server (LAHEDES) [ 8 ] includes a growing list of LAGLIDADG 
HE target site PWM data and can be used directly to search for the 
best potential target sites in short DNA sequences, e.g., an indi-
vidual gene. The NCBI’s BLAST server [ 9 ] can be used with 
LAHEDES output to identify the best target sites for a given HE 
in genomic sequences. The use of these two search options in 
sequence is fast, as illustrated below, and typically identifi es dozens 
or a few hundred potential genomic target sites in the human 
genome depending on how stringent the initial LAHEDES PWM 
search is and the quality of the genomic sequence being searched. 

 The quality of the starting genomic sequence, both in terms of 
accuracy and completeness, can strongly determine search output. 
The presence and nature of genomic variation, ranging from single 
nucleotide polymorphism (SNP) variants through short insertion–
deletion variants (indels) to large-scale structural and copy number 
variants (CNVs) [ 10 ], can strongly infl uence the likelihood of 
experimental success. For example, global error rate estimates for 
the current, extensively analyzed and well-documented hg19 
human genome build range from 1 × 10e-6 to 1 × 10e-4. This 
translates into thousands to hundreds of thousands of potential 
sequence differences between the genome of a person or human 
cell line and the corresponding genome sequence. Thus, it is essen-
tial that potential genomic HE target sites identifi ed as described 
below be experimentally verifi ed before embarking on any 
HE-enabled genome engineering protocol. 

 A simple way to verify potential HE target sites is to amplify and 
sequence the target site(s) from genomic DNA and use the same 
amplifi ed fragment(s) as a substrate for HE digestion in vitro. This 
approach verifi es the site is present, documents sequence differences 
between the genome sequence and genomic target, and provides a 
direct measure of the functional consequences of sequence  differences 
between the native HE and genomic target sites. The cleavage 

Stefan Pellenz and Raymond J. Monnat Jr.

http://dx.doi.org/10.1007/978-1-62703-968-0_11
http://dx.doi.org/10.1007/978-1-62703-968-0_11
http://dx.doi.org/10.1007/978-1-62703-968-0_11


247

 sensitivity of a genomic HE target site in vivo can be assessed by 
direct measures of cleavage activity such as Southern blot analysis. 
Indirect measures of site cleavage in vivo are also very useful and can 
be more easily multiplexed than Southern blotting. For example, the 
effi ciency of site cleavage in vivo can be estimated by determining 
how frequently a target site is mutated after HE expression. This 
approach takes advantage of the error-prone nature of both canonical 
and alternative nonhomologous DNA end-joining (NHEJ) path-
ways [ 11 ,  12 ] and can be rapidly implemented across many potential 
target sites to provide a minimum estimate of site cleavage effi ciency. 
Additional data on the molecular nature of misrepair products can be 
obtained by DNA sequencing of small numbers of target sites. The 
sensitivity of all of these assays can be further enhanced by co-express-
ing an HE with the exonuclease TREX2 to promote error-prone 
rejoining up to ~25-fold [ 13 ] or by the use of highly accurate duplex 
sequencing protocols that can reliably identify target site mutations at 
frequencies as low as the background mutation frequency (≤1 × 10e-
6; [ 14 ]). The interrelationship of site searches and experimental site 
validation and analysis are shown schematically in Fig.  1 . Protocols 
for these site analysis approaches are outlined below.

PWM/PSSM FASTA file

LAHEDES
server

BLAST

verify site by
sequencing

in vitro cleavage
of PCR substrate

in vivo cleavage
Southern blot
site mutagenesis

- sequence ± Trex2
- CEL I/Surveyor™ cleavage

  Fig. 1    Identifi cation and analysis of genomic homing endonuclease target sites. 
Target site searches are driven by the use of HE-specifi c PWMs (position weight 
matrices,  upper left  ) to drive target site searches in short sequences or in 
genomic DNA. Site searching and the generation of site libraries for FASTA con-
version to facilitate BLAST searching ( top right  ) of sequenced genomes or large 
blocks of sequence are facilitated by the LAHEDES (LAGLIDADG Homing 
Endonuclease Design and Engineering Server). Sites once identifi ed by searches 
need to be verifi ed, then can be further analyzed by in vitro ( lower left  ) or in vivo 
( lower right  ) cleavage or sequence-based assays       
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2        Materials 

     1.    Oligonucleotide primers: these are designed to allow specifi c 
amplifi cation of genomic target sites for target site confi rma-
tion by sequencing and for mutation analyses. Genomic prim-
ers of approximately 20 bases with melting temperatures 
around 55 °C work well for the amplifi cation of human 
genomic target sites and can be designed using Primer3, 
Primer3Plus, Primer-BLAST, or other widely available PCR 
primer design tools [ 15 ,  16 ].   

   2.    Genomic DNA purifi cation kit.   
   3.    PCR cleanup kit.   
   4.    Spectrophotometer to measure DNA concentration.   
   5.    HE cleavage buffer: optimized for the specifi c HE(s) to be 

used.   
   6.    HE digestion stop solution: again, optimized for a specifi c 

HE(s) to be used.   
   7.    Image analysis software: e.g., ImageJ (   http://rsb.info.nih.

gov/ij/        ) or equivalent.   
   8.    Nylon hybridization membrane for Southern blot analysis.   
   9.    Chemiluminescent kit.   
   10.    Surveyor™ Mutation Detection Kit (Transgenomic, Omaha).   
   11.    TA cloning vector with a high fi delity PCR polymerase that 

leaves 3′ A-tails.   
   12.    Luria broth bacterial agar plates with ampicillin (50 μg/ml): 

protocols for this and other standard molecular biology and 
microbiology protocols can be found in several widely available 
protocols manuals.   

   13.    IPTG, 1.2 g in 50 ml of H 2 O, fi lter sterilized and stored at 
4 °C.   

   14.    X-gal, 100 mg in 2 ml  N,N ′-dimethylformamide, stored away 
from light at −20 °C.      

3    Methods 

 Two types of target site searches are useful, either alone or in 
sequence, depending on whether you are looking for potential 
HE target sites in a specifi c gene or small number of genes or for 
sites located in a sequenced genome. The fi rst, more limited 
search strategy can be effi ciently implemented by making use of 
the HE-specifi c search matrices and search function contained in 
the LAHEDES homing endonuclease web server (  http:// 
homingendonuclease.net/    ). The second search protocol is to 
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identify potential HE-specifi c target sites in sequenced genomes. 
This search protocol makes use of the NCBI’s BLAST search 
engine (BLAST:   http://blast.ncbi.nlm.nih.gov/    ) together with 
a list of high- quality HE-specifi c target site sequences generated 
from the LAHEDES HE web server. The protocols for each 
search type are given below. 

   The LAHEDES web server facilitates HE target site searches in 
single genes or small number of genes. These searches make use of 
the previously defi ned HE-specifi c PWMs contained in the 
LAHEDES server that can be found by following “Browse>PWM 
Browser.” Custom PWMs can also be defi ned by following 
“Entry‘>’Custom PWM Entry.” Weights or values for cleavage or 
binding activity at each target site position across all nucleotide 
combinations should sum to 1.0 to ensure proper handling of the 
new matrix in searches. An example of a LAHEDES search using a 
predefi ned search matrix is given below.

    1.    Open the LAHEDES web server in a browser window 
( see   Note 1 ).   

   2.    Go to “Search’>’PWM search.”   
   3.    Enter the query sequence in FASTA format into the input box. 

The current version of the server can accommodate searches in 
typical human genes (~100 kb of contiguous sequence), 
though lacks the capacity to do genome-scale searches.   

   4.    Select the HE you wish to search against your target sequence 
and the corresponding HE-specifi c PWM you would like to use.   

   5.    Select the number of search results you want returned.   
   6.    Run the search.     

 Figure  2  shows this sequence of steps in outline and provides 
an example of the output from a search of a 5,020 bp long query 
sequence using two different PWMs for mCreI, the monomerized 
version of the canonical LAGLIDADG homing endonuclease 
I-CreI [ 6 ]. These PWMs are based on I-CreI/mCreI single base 
pair profi ling and degeneracy data or represent the output of a 
straight identity search. Search output in each case is in the form of 
a tabular list of target sites in the query sequence, their location 
and orientation, and the location of base pair differences between 
the input DNA target site sequence and the mCreI target site. 
Quantitative assessment of the target site matches is given by a 
target quality score and number of mismatches compared to the 
wild-type sequence.

       The NCBI’s BLAST server [ 9 ] can be used to search query 
sequences against large target sequences, e.g., entire genomes. 
BLAST searches can be set up using HE-specifi c PWM data once 
it has been converted into a FASTA fi le format. The example 

3.1  LAHEDES Server 
HE Target Site 
Searches

3.2  BLAST Server 
Genomic HE Target 
Site Searches
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below illustrates how to search for I-CreI/mCreI sites in the 
human genome.

    1.    Develop a list of all HE-specifi c target sites you wish to BLAST 
search from PWM data. Cleavage degeneracy matrices are 
often the most useful for this step, as they are typically the best 
populated with data and refl ect the most common goal of 
genomic target site identifi cation which is to cleave and/or 

gene

WT sequence

>231

>231

>231

>231

>231

position

N/A

r2500/5020

f2500/5020

r60/5010

f4055/5020

f3047/5020

-11 -9-10 -8 -7 -6 -5 -4 -3 -2 -1 1 2 3 5 64 7 8 9 10 11

G AA A A C G T C G T G A G C AA G T T T C

t AA t c t G T C a T a t G C AA G T T T a

t AA A c t G T C a T a t G C AA G a T T a

G Ag A A a G T C c T G c a C AA a T a T t

G AA t A C G g C c T G g c C AA t T g c C

G tA A A g c T g G c a t a t AA G T T T C

score

0.00311348

3.11348e-11

3.11348e-11

3.11348e-11

3.11348e-11

3.11348e-12

mismatches

0

8

8

8

8

9

mismatchesgene

WT sequence

>231

>231

>231

>231

>231

position

N/A

r2500/5020

f2500/5020

f3112/5010

f1243/5020

r263/5020

-11 -9-10 -8 -7 -6 -5 -4 -3 -2 -1 1 2 3 5 64 7 8 9 10 11

t AA t c t G T C a T a t G C AA G a a

t AA A c t G T C a T a t AA G a

score

5.82473e-7

1.43114e-07

6.32896e-11

3.33558e-11

2.77944e-11

0

8

8

10

12

9

t AA t A t t T t

G C T

t a t AA a T t

t AA g A c C a c a g a C AA c

T T

T T

T T

T T T g

G AA A A C

G T G

t t

a T C G T G A G C gA G c c T t

G AA A A C G T C G T G A G C AA G T T T C 7.97976e-8

LAHEDES - identity search

LAHEDES - PWM (PSSM) search

open LAHEDES
web server

Search>
PWM search

enter query
sequence in

FASTA format

select HE and
preferred PWM

select number
of results

run
search

b

a

c

  Fig. 2    LAHEDES search steps, options, and outputs. ( a ) Outline of steps for a target site search in a short 
sequence using one of the predefi ned HE PWMs contained in the LAHEDES server. ( b ) Search output of poten-
tial I-CreI/mCreI target sites in a 5,020 bp query sequence from human genomic region chr4 58974113 to 
58979132 in assembly GRCh37.p10 using a PWM/PSSM of the homing endonuclease mCreI that incorporates 
single base pair cleavage degeneracy information [ 7 ]. The search results display the HE native site sequence 
at top (“WT sequence”) followed by a list of target sites in the query sequence (here designated “>231”). The 
position and strand on which the potential sites are located together with target site coordinates are listed 
next, followed by site sequences referenced to the 22 bp I-CreI/mCreI target site. Lower case,  red letters  indi-
cate base pair positions where there is a difference between the target and the mCreI target site sequence. 
Nucleotide positions that match central four nucleotides of the native site are in  upper case  and  blue . “Score” 
and “mismatch” columns give a quantitative assessment of site quality and the number of base differences, 
respectively. ( c ) An equivalent search using an “identity” PWM that identifi es the closest matches between the 
native I-CreI/mCreI target site and the target or query sequence. This emphasizes the value of using matrices 
that incorporate site degeneracy data for searches       
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modify these genomic target sites in vivo. The more stringent 
your site selection is at this step (e.g., only for sites that have a 
high likelihood of being cleaved with high effi ciency), the fewer 
the sites your BLAST search is likely to return ( see   Note 2 ).   

   2.    Generate a text fi le in which each line consists of a candidate 
target site sequence. This list should include all possible com-
binations of nucleotide positions and base pairs that exceed a 
defi ned functional threshold as outlined in  step 1 .   

   3.    Convert this list of potential target sites sequences to FASTA 
format by preceding each sequence with a “>” and a unique 
site identifi er.   

   4.    Open the BLAST web server in a browser window.   
   5.    From the list of BLAST Assembled RefSeq Genomes, choose 

“Human.”   
   6.    Upload your fi le of FASTA-compatible candidate target sites as 

the “Query Sequence.”   
   7.    Run BLAST with the following parameters ( see   Note 3 ): 

 Database: Genome (reference only). 
 Optimize for: Somewhat similar sequences (blastn). 
 Max target seqs: 50. 
 Short queries: Adjust for short sequences. 
 Expect threshold: 1. 
 Word size: 7. 
 Match/mismatch: 4, −5. 
 Gap cost: Existence: 12/Extension: 8.   

   8.    In the results page that opens, chose each of the query 
sequences from the “Results for” drop-down menu.   

   9.    Check the “Alignments” for query sequences that align per-
fectly to the target sequence (Fig.  3 ).

       10.    Follow the Sequence ID hyperlink to the NCBI reference 
sequence.   

   11.    In the window that opens, expand the box “Change region 
shown”; chose “Selected region”; enter the coordinates for the 
hit in the BLAST results window and verify that the displayed 
sequence and the sequence for the BLAST hit are identical 
(Fig.  3 ).   

   12.    Expand the region shown by changing the “selected region” 
to 2,500 bp upstream and downstream of the candidate target 
site.   

   13.    Save this sequence by selecting “Send‘>’Complete Record‘>’F
ile‘>‘Format:FASTA‘>’Create File” to capture your putative 
target sites.    

Genomic Target Site Analysis
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       Search results are  potential  target sites: their existence and sequence 
need to be confi rmed in your cells or host organism of interest 
before proceeding. This is most easily done by using the fl anking 
genomic sequence captured in your BLAST search above to design 
oligonucleotide primers that can be used to amplify the putative 
site region from genomic DNA as a PCR product of >500 bp. 
Ideally, the target site is in the middle of the PCR product. This 
way, successful cleavage of the target site results in replacement of 
one substrate band by a second, smaller product band doublet.

    1.    Design PCR primers fl anking your putative genomic HE tar-
get site using search output from Subheading  3.2  and the 
primer design tools listed in Subheading  2 . Design a third 
sequencing primer that is located ~100 bp upstream or down-
stream of the putative HE target site.   

3.3  Sequence 
Verifi cation of 
Genomic HE Target 
Sites

  Fig. 3    BLAST search results for a potential I-CreI/mCreI human genomic target site. The  upper and center panel  
shows a BLAST search hit. The alignment reveals a perfect match for one of the candidate target sequences 
on chromosome 4. The “Accession” hyperlink opens the identifi ed target site match in a new window ( lower 
panel ). By changing the region shown in the  gray box  at right, it is possible to recover the fl anking sequences 
of the candidate target site. This example was obtained using Build 36.3 of the “reference only” database       
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   2.    Prepare genomic DNA using a suitable molecular biology kit.   
   3.    Use the PCR primer pair from  step 1  above to amplify the 

region of interest from your genomic DNA sample, and run an 
aliquot on an agarose check gel with fl anking size standards to 
determine whether the predicted size product has been gener-
ated and how many other potentially contaminating PCR 
products are present.   

   4.    Gel-purify your target site band of interest, and use this as a 
template together with your site-specifi c sequencing primer to 
determine the DNA sequence of the putative target site and 
fl anking genomic DNA.   

   5.    Compare the sequence of the target site region of your genomic 
PCR product with both the reference sequence and your pre-
dicted target site sequence to confi rm that the site exists and 
has the expected sequence. If unexpected sequence differences 
are present between your sequenced genomic site and the ref-
erence genome you are starting, PWN can be used to assess 
their potential functional consequences. You may be able to 
assess whether a sequence difference is a known human 
genomic sequence variant by using the dBSNP database 
(  http://www.ncbi.nlm.nih.gov/projects/SNP/    ).    

        Sequence confi rmation of genomic HE target sites is reassuring, 
but often does not directly predict the cleavage sensitivity of the 
site, especially if there are multiple base pair changes between the 
genomic and native HE target site sequences. The PCR product 
from Subheading  3.3  above can be used as substrate in a cleavage 
reaction to confi rm target site cleavage sensitivity. Digesting the 
PCR product with different concentrations of HE and including a 
native target site as a control in addition will reveal how cleavage 
sensitive a genomic target site sequence is relative to the native site. 
This protocol is shown in outline in Fig.  4 .

     1.    Clean up the PCR product using a suitable purifi cation proto-
col or kit.   

   2.    Determine the concentration of the PCR product using a spec-
trophotometer. Calculate the molar concentration of the PCR 
product.   

   3.    Prepare control and experimental sample reactions for each 
substrate using ~100 ng of PCR substrate in a fi nal reaction 
volume of 15 μl. Each sample reaction should contain the same 
amount of substrate to simplify interpretation. A good starting 
point for the molar ratio of enzyme to substrate is equimolar 
(1:1), followed by a second reaction with ten times more 
enzyme than substrate. 

3.4  In Vitro Cleavage 
Analysis of Genomic 
HE Target Sites

Genomic Target Site Analysis
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 Sample reaction: 
 Substrate: 15 fmol. 
 Reaction buffer 10×: 1.5 μl. 
 Homing endonuclease: 15 fmol. 
 H 2 O: add to 15 μl.   

   4.    Incubate the reaction mix for 1 h at 37 °C.   
   5.    Depending on the homing endonuclease, add 1/10 volume 

stop buffer to the reaction ( see   Note 3 ).   
   6.    Separate the digestion products on an agarose gel.   
   7.    Determine the intensity of the bands corresponding to the 

digested and undigested PCR product bands with reference to 
the native site control using ImageJ or other image analysis 
software.    

    Southern blot analysis of target site cleavage in vivo is still a “gold 
standard” assay for HE activity in living cells. Cleavage time course 
profi les can provide a good sense of steady-state cleavage levels, 
and integration of these data over time can be used to estimate 
cleavage effi ciency and investigate other aspects of HE-induced 
DSB repair such as repair kinetics and the genetic or functional 
requirements for DSB repair (see, e.g., [ 17 ]). Southern blot anal-
ysis can detect low frequencies of target site-specifi c cleavage 
(~0.5 % of potential target sites) that are diffi cult or impossible to 
detect by other strategies. The following is a general protocol that 
provides an overview of major steps in Southern blot analysis. For 
additional technical detail and more explicit protocols, see [ 18 ,  19 ] 
or one of the widely available molecular biology methods manuals. 

3.5  Southern Blot 
Analysis of In Vivo 
Target Site Cleavage

cut

uncut

[HE]

cut

uncut

HE

HE target
site

gDNA

PCR product

site
[HE]

1 32

  Fig. 4    In vitro cleavage verifi cation of a potential HE genomic target site. ( a ) Schematic outline of Protocol in 
Subheading  3.4 , in which a putative genomic target site is PCR-amplifi ed from genomic DNA, then digested 
with a cognate HE. ( b ) Schematic and gel photo of panel ( a ) in which target site PCR substrate DNA is digested 
with an increasing amount of HE to verify site cleavage sensitivity. The gel examples show a cleavage-resistant 
target site ( left ) and partially ( center ) and largely ( right ) cleavage-sensitive sites. For each reaction 15 fmol of 
the substrate PCR product was digested with equal amounts of enzyme ( left lane  for each target) or ten times 
more enzyme ( right lane )       
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An example of a Southern-based analysis of cleavage of a genomic 
target site for the I-PpoI HE is shown in Fig.  5 .

     1.    Express your HE in host cells by transfecting or infecting cells 
with an expression vector. Prepare a mock-infected control sam-
ple and any desired time point samples. Short time courses 
 (24–36 h post-transfection) work well with most HEs unless your 
aim is to drive target site mutagenesis, when longer time points up 
to 72 or more hours may be advantageous ( see   Note 4 ).   

   2.    Prepare genomic DNA from transfected cells using a genomic 
DNA purifi cation kit.   

   3.    Cut the genomic DNA with a restriction enzyme(s) to generate 
a target site fragment for blot analysis. The best starting frag-
ments are ~5 kb long and have the HE cleavage site located 
asymmetrically in the resulting restriction fragment ( see   Note 5 ).   

   4.    Determine the concentration of the digestion products using a 
spectrophotometer.   

   5.    For each time point load 5 μg of digested genomic DNA/lane 
of a 1 % agarose gel. Separate the digestion products by elec-
trophoresis in 1× TBE buffer for 16 h at 20 V on a 10-cm long 
agarose gel. Include as controls a genomic DNA sample that 
you have cleaved in vitro with your HE or a restriction endo-
nuclease that is close to or in the HE target site. Include size 
standards.   

Time after
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-2.6kb

Ncol I-Ppol Ncol
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  Fig. 5    Southern blot analysis of in vivo HE target site cleavage. Southern blot 
analysis of genomic DNA from cells expressing the I-PpoI HE in the presence or 
absence of the ATM inhibitor KU-55933 for the indicated times. The I-PpoI target 
is shown in a representation of the NcoI digestion product. The probe used for the 
Southern blot anneals to the smaller, 0.8 kb long cleavage fragment. This blot 
panel was previously published as fi g. 16.4e in [ 18 ]       
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   6.    Blot the separated DNA fragments from your agarose gel onto 
a nylon hybridization membrane.   

   7.    Prepare labeled probe(s) to detect and quantify site-specifi c 
cleavage events. The PCR product used for target site sequence 
verifi cation above can be used as a probe if it is free of repeats 
and known to have little or no cross-hybridization issues. This 
probe fragment can be captured by cloning if desired for future 
use. Probes can be designed to anneal to one or both of the 
HE/restriction endonuclease digestion products and can be 
labeled with radioactivity or a nonradioactive detection system 
(e.g., biotinylation) depending on your experience and radia-
tion licensing status.   

   8.    Detect probe hybridized to your membrane-bound digestion 
product. Radioactive probes can be detected directly by imag-
ing on fi lm or phosphorimager screens. Biotinylated probes 
can be detected using the chemiluminescent kit.    

     A simpler, though less sensitive, approach to assess in vivo site 
cleavage is to amplify the target site from cells after HE expression 
to determine their cleavage sensitivity. This approach takes advan-
tage of the fact that HE target sites cleaved in vivo may undergo 
error-prone repair [ 11 ,  12 ]. The mutagenic “footprints” of error- 
prone DSB repair can be detected by HE cleavage, restriction 
endonuclease cleavage, or mismatch nuclease cleavage of target site 
DNA fragments PCR-amplifi ed from HE-expressing cells   . All of 
these methods can be further enhanced by co-expressing an HE 
with the TREX2 3′ repair exonuclease in vivo: TREX2 degrades 
free DNA ends, antagonizes the error-free religation of cleaved 
target sites, and thus promotes the generation of mutant target site 
repair products. TREX2 co-expression is discussed fi rst below. 

  Several different types of expression systems can be used to co- 
express an HE and the exonuclease TREX2 [ 13 ]. The open read-
ing frames can be cloned together in one expression plasmid, 
separated either by an internal ribosome entry site (IRES) or a 2A 
ribosome skipping sequence [ 20 ,  21 ] to ensure co-expression of 
the two gene products. It is advantageous to integrate a fl uores-
cent protein (e.g., mCherry) into the same expression plasmid 
downstream of the two ORFs to allow for easy screening (and, if 
desired, sorting) of cells that co-express an HE and TREX2. 
Alternatively, the HE and TREX2 proteins can be expressed from 
two different plasmids that are co-transfected at the same time. 

 The presence and frequency of HE target site mutations can be 
assayed by digesting genomic DNA target site sequences with the 
cognate HE or with a restriction enzyme that cleaves within the HE 
target site as outlined above in Subheading  3.4 . Target site PCR 
products from HE-expressing and control cells can also be annealed 
to generate mismatches between mutant and control target sites 

3.6  Analysis of 
In Vivo Target Site 
Cleavage by Site 
Amplifi cation and 
Cleavage

3.6.1  Co-expression 
of HEs and TREX2 
in Human Cells
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that can be detected with the mismatch-cleaving nuclease CEL I 
(available commercially as the Surveyor™ nuclease cleavage assay). 
The CEL I/Surveyor™ endonuclease [ 22 ] is a member of the 
plant-derived CEL nuclease family [ 23 ] that cuts DNA at nucleo-
tide mismatches.  

      1.    Prepare two cell cultures: one will be transfected to express HE 
(and TREX2, if desired), and the other will be mock-trans-
fected to serve as a control.   

   2.    Prepare genomic DNA from both cultures using the genomic 
DNA purifi cation kit.   

   3.    PCR amplify the putative homing endonuclease target site 
region from both samples.   

   4.    Clean up the PCR products using a suitable purifi cation proto-
col or kit.   

   5.    Verify the quality of the PCR products on a 1 % agarose gel.   
   6.    Determine the concentration of the PCR products using a 

Nanodrop spectrophotometer.   
   7.    Mix, denature, and anneal equimolar amounts of the two tem-

plate populations (the HE-expressing experimental and mock- 
transfected control) then digest with CEL I nuclease following 
the protocol included in the Surveyor™ Mutation Detection 
Kit manual.   

   8.    Separate the digestion products on a 1 % agarose gel.   
   9.    Determine the intensity of the bands corresponding to the 

digested heteroduplex and undigested homoduplex DNA 
molecules using ImageJ or other image analysis software.   

   10.    Calculate the percentage of heteroduplex, mutant- containing 
DNA molecules by dividing the intensity of the digested band 
by the total of the digested and undigested bands.       

   Target site sequencing from cells expressing an HE (and, if desired, 
TREX2) can provide additional information beyond the above 
protocols on the frequency and molecular nature of target site mis-
repair and mutagenesis events. Sequencing is potentially the most 
revealing of the target site analysis methods beyond Southern blot 
analysis and can be performed on small numbers of cloned target 
sites or by high throughput DNA sequencing (HTS) with bar cod-
ing if desired. The protocol below is designed for the analysis of 
small numbers (tens to dozens) of mutant sites. The use of HTS to 
analyze target sites is covered in Chapter   12     ( see   Note 6 ).

    1.    Prepare genomic DNA from experimental (±HE/±TREX2) 
and control cell cultures using a genomic DNA preparation kit.   

   2.    Design PCR primers to amplify the HE target site that anneal 
~250 bp upstream and downstream of the target site. Design a 

3.6.2  CEL I/Surveyor 
Cleavage of Target Site 
PCR Products

3.7  Analysis of In 
Vivo Target Site 
Cleavage by Site 
Sequencing
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second set of sequencing primers that anneal within the pre-
dicted PCR product and are located ~100 bp from the target 
site region.   

   3.    Use the fl ank primer pair to PCR amplify target sites from cel-
lular DNA samples with a high fi delity PCR polymerase that 
leaves 3′ A-tails.   

   4.    Clean up the PCR products using a suitable purifi cation proto-
col or kit.   

   5.    Clone the PCR products into protocol vector suitable for TA 
cloning.   

   6.    Transform the ligation products into an  E. coli  strain that 
allows for blue/white selection, e.g., DH5α, and plate on LB 
plates with ampicillin/IPTG/X-Gal.   

   7.    Sequence 96 white colonies using the DNA sequencing 
primer(s) designed in  step 2  above ( see   Note 7 ).   

   8.    Compile and compare the sequencing results from experimen-
tal and control samples with the genomic target site sequence 
defi ned in Subheading  3.3  above.    

     HEs are being used in a growing number of organisms to target the 
disruption (or “knockouts”) or modifi cation of specifi c genes. 
Another less common though practically important genome engi-
neering goal is to use HE cleavage of a genomic “safe harbor” site to 
facilitate transgene insertion without disrupting adjacent gene struc-
ture or expression. The inserted transgene may have therapeutic value 
or may provide a convenient and consistent way to “tag” the same 
site in different cells with a molecular bar code or other easily selected 
or scored marker gene such as a fl uorescent protein coding cassette. 

 This section provides an example of how the protocols 
described above can be used to identify potential genomic cleavage 
sites for a HE based on sequential PSSM/PWM and BLAST 
searching, and then determine whether these sites could serve as 
new genomic “safe harbor” sites (SHS) for a range of genome 
engineering applications [ 24 ,  25 ]. The outline of this series of 
experiments is shown in Fig.  6 .

     1.    Identify potential genomic SHS by LADHEDES PWM analy-
sis: We used the protocol outlined in Subheading  3.1  to iden-
tify 128 I-CreI/mCreI target sites predicted by PWM data to 
be highly cleavage sensitive. The design criteria used with 
PWM data to generate this site list required that individual 
base pair differences, when combined in all possible target site 
combinations, did not reduce the predicted cleavage sensitivity 
of any site below 90 %.   

   2.    BLAST search high-quality target site variants against the human 
genome: The list of 128 potential target sites from  step 1  was 
converted into FASTA format as described in Subheading  3.2  

3.8  Worked Example: 
Identifi cation of 
Potential Human 
Genomic “Safe 
Harbor” Sites Cleaved 
by the LAGLIDADG HE 
I-CreI/mCreI
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then used to BLAST search the human genome sequence. 
A total of 29 of the 128 sites on our starting list were found at 
a total of 37 locations in the human genome.   

   3.    Verify predicted target sites by amplifi cation, sequencing, and 
cleavage analysis: The protocols in Subheadings  3.3  and  3.4  
were next used to verify the sequence and predicted cleavage 
sensitivity of 6 of the 29 different target site sequences identi-
fi ed in  step 2  (results not shown).   

   4.    Determine suitability to serve as a safe harbor site (SHS): 
There are no generally accepted criteria for SHS identifi cation, 
so we assembled a list of nine different, stringent SHS scoring 
criteria in order to rank order the 29 different sites identifi ed in 
 step 2  above. These criteria included uniqueness, accessibility, 
and likely safety as assessed by site proximity and activity mea-
sures. Table  1  summarizes these criteria and the most useful 
data sources including UCSC Genome Browser tracks to facili-
tate additional SHS assessments. Three of the 29 potential 
I-CreI/mCreI SHS from  step 2  met 8 of these 9 criteria and 
were judged to be of high value as potential new human 
genomic safe harbor sites (Fig.  6 ).

       5.    Next experimental steps: The next step to verify the utility of 
all 29 and the three highest scoring SHS candidates is to assess 
their cleavage sensitivity in vivo using the protocols outlined in 
Subheadings  3.6  and  3.7  in cells expressing mCreI ± TREX2 
protein. Target sites that appear the most cleavage sensitive in 
vivo from these data will be used to design donor cassettes that 
include fl ank homology arms to facilitate homology-depen-
dent, site-specifi c recombination, together with two initial 
transgene constructs that express either a drug-resistance 
marker or a fl uorescent protein marker ( see   Note 8 ).    

position in hg19 site

chr4:58,976,613 - 58,976,632 AAACTGTCATA GACAGATTt

chr2:48,830,185 - 48,830,204 AAACTG CATAAGACAGATTa

criteria match

8/9

5/9

a
best potential sites

from degeneracy data

128 sites

BLAST search
output

29 sites / 37 locations

best potential
SHS’s

3 sites

b

  Fig. 6    Search for potential I-CreI “safe harbor” sites (SHSs) in the human genome. ( a ) The human genome was 
searched for high-quality I-CreI target site variants by the sequential use of LADHEDES I-CreI PWM data and 
BLAST. This search yielded 128 possible sites, of which 29 were identifi ed in the human genome at 37 different 
locations. Only three of these sites, predicted to be highly cleavage sensitive by the LADHEDES I-CreI degen-
eracy PWM, met ≥8 of the 9 SHS criteria detailed in Table  1 . ( b ) Two examples of human genomic I-CreI target 
sites that have high potential ( upper row , 8 of 9 SHS criteria met) or low potential ( lower row , 5 of 9 SHS criteria 
met) to serve as new human genomic SHS that could be specifi cally targeted with I-CreI or mCreI       
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4       Notes 

     1.    The LAHEDES server works well with most common Internet 
browsers, i.e., Internet Explorer, Mozilla Firefox, or Safari.   

   2.    The stringency of the initial genomic sites search and corre-
spondingly the number of potential target sites returned can 
be adjusted depending on the search aim. Our starting search 
in Subheading  3.8  focused on only those base substitutions 
that have near-native levels of activity (e.g., 90–95 % of the 
activity observed on the native target site base pair) in order to 
identify a small number of genomic target sites that had a high 
likelihood of being cleavage sensitive as DNA target sites and 
perhaps in chromatin as well.   

   3.    The parameters for BLAST searches should again, at least ini-
tially, be kept restrictive to identify the most potentially useful 
genomic targets. Once these sites are defi ned, the expected 
threshold and/or the seed (word) length can be increased, and 

    Table 1  
  Criteria for human genomic “safe harbor” sites (SHS)   

 SHS criterion    
 Useful UCSC 
browser track  Refs. 

 Unique/
consistent 
accessible 

 Uniqueness (one copy in human 
genome) 

 None (BLAST search 
result) 

 – 

 Not located in copy number 
variation (CNV)/segmental 
duplication region 

  Variations and 
repeats/segmental 
dups  

 [ 35 ,  36 ] 

 Located in open chromatin   Regulation/ENC 
DNase/FAIRE  

 [ 37 ,  38 ] 

 Safety  Proximity to genes (>50 kb from the 
5′ end of any gene) 

  Genes and gene 
prediction tracks/
RefSeq genes  

 [ 39 ] 

 Proximity to miRNA/other 
functional small RNAs (>300 kb 
away from any miRNA) 

  Genes and gene 
prediction tracks/
sno/miRNA  

 [ 40 – 44 ] 

 Proximity to cancer-related genes or 
mutations (>300 kb from any 
cancer-related gene) 

  Phenotype and disease 
associations/
COSMIC  

 [ 45 ,  46 ] 

 Functional silence  Low transcriptional activity   mRNA and EST 
tracks/human 
mRNAs  

 [ 47 ,  48 ] 

 Located outside known replication 
origins (no origin within >50 kb) 

  Regulation/UW 
Repli-seq/peaks  

 [ 49 ,  50 ] 

 Location outside ultraconserved 
elements (>50 kb from UCEs) 

  Regulation/Vista 
Enhancers  

 [ 51 ] 
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penalties for mismatches and gaps reduced, to provide a more 
exhaustive site search. This type of secondary “relaxed” search 
can give a useful sense of potential genomic site numbers and 
their distribution (or “landscape”) for a given HE and thus the 
potential for off-target or “collateral damage” by an HE with 
a defi ned specifi city.   

   4.    Product release may be a rate-limiting step for some HEs (e.g., 
I-CreI and derivatives). This requires the use of a stop buffer 
containing a denaturant such as SDS to unambiguously iden-
tify cleavage products.   

   5.    A time course should be performed with sampling at least 
every 12 h over a 48 h interval to identify the time point with 
the highest fraction of cleaved molecules. Alternatively, addi-
tion of the ATM inhibitor KU-55933 [ 26 ] to 10 μM in the 
growth medium during HE expression interferes with DSB 
repair and increases the steady-state level of cleavage products 
and, by extension, mutant target sites.   

   6.    Restriction fragments of ~5 kb run and transfer well in Southern 
blot analyses. Digest excess genomic DNA (10–20 μg) when 
possible to guarantee that enough sample is available to do 
equal lane loadings to detect cleavage products. The location 
of an asymmetric HE cleavage site allows both products to be 
visualized if the hybridization probe that is used covers both of 
the fl anking DNA segments. An alternative, mentioned in 
Subheading  3.4 , is to use a substrate band with the HE site 
placed in or near the center to double the intensity of the pro-
duce band. This placement is more diffi cult to achieve with 
restriction-generated as opposed to PCR-amplifi ed substrates.   

   7.    PCR suppression is an alternative technique to distinguish 
intact versus cleaved and native versus mutated target sites fol-
lowing homing endonuclease expression in vivo. While this 
approach can work, it is less sensitive than the methods 
described, may reveal only a minority of misrepair events, and 
is more prone to false positive and negative results [ 27 – 29 ].   

   8.    There are many variations on this general protocol that can 
include, e.g., an enrichment step for mutant target sites if the goal 
of sequencing is to defi ne a mutant repair spectrum [ 3 ,  30 ,  31 ].   

   9.    Successful in vivo cleavage of the targeted SHS can be moni-
tored by insertion of a selectable marker or a fl uorescent pro-
tein into the generated DSB exploiting the cellular 
homology- directed repair (HDR) [ 25 ]. The reporter gene 
ORF can be preferentially inserted in the SHS by adding fl ank-
ing homology arms of 400–800 bp adjacent to the intended 
homing endonuclease target site to facilitate homology-
directed repair. Shorter homology arms of 50–100 bp length 
have been shown to work, but are less effective [ 32 ].     
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