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Abstract 

The conditional Sleeping Beauty (SB) transposon mutagenesis system has 

proven to be a successful method for cancer gene identification in solid 

tumors.  Using tissue specific Cre recombinases (TSP-Cre) to selectively 

activate SB mediated mutagenesis in tissues of interest has yielded 

numerous novel candidate cancer genes in leukemia/lymphoma, colorectal, 

liver, and pancreatic cancers.  We implemented the SB system for the 

identification of genes involved in osteosarcoma (OS).  OS is the most 

common cancer of the bone and third most common cancer in children and 

adolescents. The 5-year survival rate of OS patients is 60-70%, though with 

metastatic disease it drops to less than 20%-30%. Identification of genes 

responsible for OS development and metastasis has been difficult due to its 

genomic instability and subsequent complexity.  Consequently, there is a 

pressing need to identify the genes and pathways governing OS development 

and metastasis. To this end, we performed a forward genetic screen utilizing 

the conditional Sleeping Beauty (SB) transposase and mutagenic T2/Onc 

transposon system in Osx-Cre mice on a predisposing Trp53LSL-R270H/+ or wild 

type background to induce random somatic mutations that induce OS 

development and metastasis.  One hundred and nineteen OSs were isolated 
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from 96 predisposed and 20 wild type mice undergoing SB mutagenesis, with 

a subset of animals harboring metastases to the liver and/or lungs. Over 100 

candidate cancer genes, both known and novel, were identified by analysis of 

recurrent T2/Onc insertion sites.  In order to validate the candidate cancer 

genes identified in our screen, we developed a recombinase-based system 

for efficient assembly of vectors to over express or knock down 1-6 genes in 

mammalian cells.  Further, these vectors were constructed in Piggybac 

transposons to allow for stable and reversible integration of the vector via 

transposition.  In addition to cDNA over expression or shRNA knock down, we 

also developed methods for generation and selection of candidate cancer 

gene knock out cell lines using TAL effector nucleases (TALENs). 
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A Comprehensive Guide to Sleeping Beauty-Based Somatic 

Transposon Mutagenesis in the Mouse  

Branden Moriarity1,2,3, David A. Largaespada*, 1,2,3 

Department of Genetics, Cell Biology and Development, and Pediatrics,1 Center for Genome 

Engineering,2 Masonic Cancer Center,3 University of Minnesota, Minneapolis, MN 55455, 

USA 

Key Words: Sleeping Beauty, cancer, mutagenesis screen, transposon, mouse 

Recent advances in whole genome analyses made possible by next-

generation DNA sequencing, high density array comparative genome 

hybridization (aCGH), and other technologies have made it apparent that 

cancers harbor numerous genomic changes.  However, without functional 

correlation or validation it has proven difficult to determine which genetic 

changes are necessary or sufficient to produce cancer.  Thus, it is still 

necessary to perform unbiased functional studies using model organisms to 

help us interpret the results of whole genome analyses of human tumors.  To 

this end, we developed a Sleeping Beauty (SB) transposon-based 

mutagenesis technology to identify genes that, when mutated, can cause 

cancer. Herein we describe detailed methodology to initiate and carry out a 

SB transposon mutagenesis screen.  Although this system might be used to 

identify genes involved with many cellular phenotypes, we have implemented 
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it primarily for cancer. Thus we will highlight SB transposon somatic cell 

screens for cancer development.  

 

INTRODUCTION 

Forward genetic screens have been utilized for many years in model 

organisms using a variety of different mutagens. An ideal mutagen is one that 

randomly mutates the genome and can induce gene gain-of-function (GOF) 

or loss-of-function (LOF) mutations that are easily trackable.  One mutagen 

that fulfills these criteria is an engineered DNA transposon system, termed 

Sleeping Beauty (Collier, 2005; Dupuy, 2005). 

Sleeping Beauty (SB) is a member of the Tc1/Mariner family of DNA 

transposable elements that utilizes a “cut-and-paste” mechanism of 

mobilization (Ivics, 1997).  SB is a two-component system comprised of a 

DNA element termed the transposon vector and an enzyme component 

termed the transposase.  To date, this system has been successfully used to 

model and identify candidate genes in many types of cancer, including: 

colorectal (Starr, 2009), liver (Keng, 2009), lymphoma/leukemia (Dupuy, 2005 

& 2009), and sarcoma (Collier, 2005).  Each of these studies identified a list 

of Common Insertion Sites (CISs) that harbored candidate oncogenes or 

tumor suppressors that were then further investigated and validated.  Thus, it 

has been clearly demonstrated that the SB system is an invaluable tool for 

cancer gene identification in the mouse.  Herein, we describe three basic 
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protocols with detailed methodology to initiate, validate, and carry out an SB 

forward genetic screen in somatic cells of mice.  

The first protocol describes how to properly breed, genotype, and 

manage a cohort of experimental and control animals.  The second protocol 

covers methods necessary to validate that transposon mutagenesis is 

occurring in the tissue and cell type of interest using immunohistochemistry 

(IHC) and polymerase chain reaction (PCR)-based techniques.  The last 

protocol describes the method of ligation-mediated PCR (LM-PCR) for 

identification of transposon insertion sites utilizing the high-throughput, 

Illumina sequencing platform. 

STRATEGIC PLANNING  

Due to the large amount of time and financial investment that must go into a 

SB forward genetic screen it is advisable to do a lot of planning before 

beginning the experiment.  Choosing the best-suited transgenic mouse 

strains based on the known information about the cancer of interest is the 

best way to ensure a successful screen.  Additionally, knowing the cell of 

origin and the types of promoters that are active in that cell type is of utmost 

importance.  Herein, we describe multiple aspects of planning for an SB 

screen that can greatly increase the likelihood of a fruitful experiment. 

In order to adequately plan for the screen, the details of the SB system 

and how it works as an effective mutagen using the T2/Onc transposon must 

be understood thoroughly.  SB is a member of the Tc1/Mariner family of 
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transposable elements and utilizes a cut-and-paste mechanism of 

mobilization.  SB had been evolutionarily inactivated and was recently 

molecularly resurrected by compiling a consensus amino acid sequence from 

the salmonid subfamily of elements (Ivics, 1997).  It is a two-component 

system comprised of a DNA element termed the transposon vector and an 

enzyme component termed transposase.  The transposon vector is identified 

by the SB transposase via flanking unique inverted repeat / direct repeat 

(IR/DR) DNA sequences and is excised, followed by reintegration into any TA 

dinucleotide.  The TA dinucleotide is the only strict requirement for 

transposon integration.   

In order to equip the SB transposon for somatic mutagenesis in the 

mouse its original cargo, the transposase open reading frame, was replaced 

with mutagenic cargo.  Splice acceptors followed by poly-adenylation signals 

were engineered in both orientations for gene inactivation while the murine 

stem cell virus (MSCV) 5’ LTR followed by a splice donor was engineered to 

over express genes.  This first generation of the mutagenic transposon was 

termed T2/Onc (Collier, 2005; Dupuy, 2005).  Since SB is a cut-and-paste 

transposon it was apparent that many copies of T2/Onc would likely be 

needed per cell to induce cancer development in the mouse, as cancer is 

known to be a multi-hit or multi-step process. Using standard transgenesis 

methods of pronuclear injection of the linearized T2/Onc plasmid transposon 

concatemer lines with many copies of T2/Onc were developed, ranging in 

copy numbers from 25-300 copies (Collier, 2005; Dupuy, 2005).  This 
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mutagenic transposon system was first engineered and implemented for 

cancer gene discovery in our lab and has now been used by many others for 

the same purpose in many types of cancer (Dupuy, 2009; Rahrmann, 2009; 

Starr, 2011).  Recently, other versions of the mutagenic transposon and SB 

have been developed that can also be considered for implementation in SB 

forward genetic screens for cancer gene identification and are discussed 

below (Rad, 2010).   

What mutagenic transposon line to use? 

In the last decade, many transgenic lines have been developed with different 

transposon concatemers for SB mutagenesis (Dupuy, 2009; Rad, 2010).  The 

main differences among the transposon concatemer lines are copy number, 

chromosomal location, and mutagenic cargo.  All of these variables should be 

considered before any screen is initiated.  Most available transposon 

concatemer lines have similar splice acceptors and poly-adenylation signals 

to inactivate genes and to date there has not been a study comparing 

alternative elements.  However, several different promoters for 

overexpression of genes have been investigated and it has been observed 

that depending on the tissue/cell type of interest one promoter may be 

superior to another.  For instance, it was found that the cytomegalovirus 

immediate enhancer with the chicken beta-globin promoter (CAG) is more 

efficient in generating solid tumors and the murine stem cell virus (MSCV) 5’ 

LTR was superior in developing hematopoietic cancers, such as leukemia 
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(Dupuy, 2009).  The human phosphoglycerate kinase (hPGK) promoter was 

found to be an intermediate that could be used to induce both solid and blood 

cancers (Rad, 2010).  If a promoter can be found that is highly active in the 

tissue or cell type of interest then it might be recommended as a candidate for 

the mutagenic promoter.   

It is advisable to use two different transposon concatemer transgenic 

lines that reside on different chromosomes in designing your experiment.  

This is recommended because, upon analysis of CISs, the chromosome 

harboring the concatemer is usually discarded from the data due to the local 

hopping phenomenon associated with SB transposition (Keng, 2009; Starr, 

2009).  Thus, using concatemers on different chromosomes will complement 

each other and allow for coverage of the entire genome.  Lastly, there has not 

been a direct investigation comparing transposon copy number in the 

concatemer and the rate of gene discovery or phenotype development.  

However, in our experience more copies of the mutagenic transposon can 

decrease the latency of the phenotype development in some instances (B. 

Moriarity, unpublished observation).     

What transposase source to use? 

The pioneering transposon somatic mutagenesis screens in mice used a 

constitutively expressed version of the SB transposase under the control of 

the CAG or endogenous Rosa26 promoters (Collier, 2005; Dupuy, 2005).  

With this ubiquitous mutagenesis, mice developed a small number of different 
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tumor types comprised mostly of very rapidly developing T cell 

leukemia/lymphoma using the Rosa26-SB11 line and low penetrance 

sarcoma only in cancer predisposing p19-/- mice using the CAG-SB10 line.  

Since these studies, a conditional SB transposase transgenic has been 

developed with the transposase under the control of the Rosa26 promoter, 

termed Rosa26-LSL-SB11 (Dupuy, 2009).  This allele is conditional by virtue 

of a floxed eGFP stop cassette (LSL) upstream of the SB coding sequence.  

This transgene has been successfully used in conjunction with tissue specific-

Cre recombinase (TSP-Cre) transgenes to mutagenize selected cell types. 

Many available TSP-Cre transgenics can be found in the Cre-X-Mice 

database (http://nagy.mshri.on.ca/cre_new/index.php).  Thus, if there is a 

TSP-Cre available for the tissue of interest then the Rosa26-LSL-SB11 is 

likely the transposase source of choice.  However, in the unlikely event that 

the Rosa26 promoter is not active in the tissue/cell type of interest or if a 

TSP-Cre is not available then another source of transposase may be 

necessary; a knock-in or transgenic expressing SB from a promoter known to 

be active in the cell type of interest may be necessary.  

Is a cancer predisposed genetic background necessary? 

We have found that in some cases it may be necessary or desirable to use 

SB mutagenesis in conjunction with a predisposing genetic background.  One 

reason to use a predisposing background is to screen for genes that 

cooperate with the predisposing allele, such as a fusion gene prominent in 
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cancer where other genetic aberrations are still unknown.  However, the main 

reason for using a predisposing background is that in some cases SB 

mutagenesis is not sufficient to induce the phenotype of interest.  There are 

numerous reasons why SB mutagenesis may not be a strong enough 

mutagen to induce highly penetrant cancer.  First, too small of a target cell 

population undergoing mutagenesis can be problematic as SB mutagenesis is 

random and therefore the more cells available to be transformed the more 

likely the event will occur.  Additionally, if the Rosa26 promoter is under 

expressed, leading to low SB expression, or the mutagenic transposon 

promoter is inactive or weakly active in the cell type of interest the screen 

may not be successful.  Importantly, most of these hurdles can be tested 

before a full screen is undertaken.  For instance, the TSP-Cre of interest can 

be crossed to the Rosa26-LSL-ßgal and the cell type of interested tested for 

ß-gal expression by IHC (Soriano, 1999).  Thus, if it is known that the 

phenotype of interest may suffer from one of the aforementioned hurdles then 

it is advisable to use a predisposing background along with a mutagenesis-

only cohort of animals. 

How many mice to breed? 

Determining the optimal number of experimental and control animals can be 

one of the most difficult decisions when setting up a forward genetic screen.  

Many questions need to be considered, including: What is the predicted 

penetrance? Will there be background tumors that will decrease the number 
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of tumors of interest? Will animals develop multi-focal disease?  As a starting 

point, it is advisable to breed at least the same number of controls as 

experimental animals, ideally even more than experimental animals.  Many of 

the considerations above may be hard or impossible to predict, so it is usually 

best to breed more animals than needed, if possible. If there are too few 

tumors, then it may not be possible to assemble a meaningful list of CISs.  

Most published SB screens breed enough mice to get at least 20 tumors and 

sometimes as many as 200 to have enough independent tumors to get a 

statistically significant CIS list (Collier, 2005 & 2009; Dupuy, 2005 & 2009; 

Keng, 2009; Starr, 2009). Importantly, enough mice must be generated to 

determine if SB mutagenesis results in acceleration or spontaneous tumor 

development.  Using the Peto-Peto-Wilson statistic for comparing Kaplan-

Meier survival curves there is a 80% power to detect a 2-fold difference in 

cancer latency with a P-value < 0.05 if there are at least 60 animals in both 

the control and experimental group (Statview, Mountaniview, CA).  We 

consider 80% power of detection acceptable and a two fold difference in 

cancer latency likely to be biologically meaningful.  Based on this knowledge, 

a good starting point for any SB mutagenesis screen is to breed at least 60 

control and experimental animals.  

NOTE:	  All	  protocols	  using	  live	  animals	  must	  first	  be	  reviewed	  and	  approved	  by	  

an	  Institutional	  Animal	  Care	  and	  Use	  Committee	  (IACUC)	  or	  must	  conform	  to	  

governmental	  regulations	  regarding	  the	  care	  and	  use	  of	  laboratory	  animals.	  
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BASIC PROTOCOL #1 

Breeding and Genotyping a Cohort of Mice Undergoing 

Somatic Transposon Mutagenesis 

This protocol outlines methods to generate and genotype a cohort of control 

and experimental animals necessary for a tissue specific (TSP) forward 

genetic screen using SB transposon-mediated mutagenesis with or without 

the addition of a predisposing genetic background.  Tissue specificity is 

accomplished using the conditional R26-LSL-SB11 transgenic (Dupuy, 2009).  

The predisposing background can be a canonical “knock-out”, overexpression 

allele, or ideally a conditional version of either type.     

Materials 

Breeding pairs of all necessary transgenic mice (8-20 weeks of age) 

IACUC-approved food and water 

IACUC-approved animal housing facility 

IACUC-approved animal cages and bedding 

SDS lysis buffer (see recipe) 

Proteinase K (see recipe)  

DNase/RNase-free water (Qiagen, Valencia, CA) 

1.1X ReddyMix (Thermo Scientific, Rockford, IL) 

Primers (Table 1)  

Genomic DNA (negative and positive controls) [*Reviewer: should the author 
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provide more detailed description about what’s required here?]  Could state:  

Controls will vary based on the mouse line that you are using for your screen. 

But will the reader always know exactly what’s necessary?  

Phenol (Sigma-Aldrich, St. Louis, MO) 

Chloroform (Sigma-Aldrich, St. Louis, MO) 

TE buffer (see recipe) 

1% agarose gel in 1x TAE buffer 

Quanti-Marker 100bp (BioExpress, Kaysville, UT) 

1x TAE (from 50x stock) (see recipe) 

Ethidium bromide (10 mg/mL) (Sigma-Aldrich, St. Louis, MO) 

Sterile 1.5-ml microcentrifuge tubes 

55°C Shaker 

0.5-ml thin-walled PCR tubes 

Thermal cycler  

Gel electrophoresis apparatus and power source  

UV light box  

Gel photography equipment 

 

Generating Experimental and Control Animals 

1.  Begin by acquiring the appropriate transgenic animals needed to perform 

the SB forward genetic screen and decide if a predisposing background is 

desired (see Strategic Planning): [*Author: Are all of the following required, or 
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are they just listed as examples?  i.e., you could state “At a minimum, the 

following strains are required.”] 

• R26-LSL-SB11 (Dupuy, 2009). 

• T2/Onc Concatemer (Collier, 2005; Dupuy, 2005)  

• TSP-Cre recombinase (http://nagy.mshri.on.ca/cre_new/index.php)  

• Conditional or non-conditional predisposing transgene (optional) 

2. Before beginning any breeding it is important to determine if a predisposing 

background is desired.  If so, it is further necessary to know if the 

predisposing background allele is a conditional, i.e. LoxP flanked, as this can 

change the breeding strategy.  The mis-expression of some TSP-Cre 

transgenics in male germ cells of the testes could cause the recombined 

allele to become activated in the germline and this allele therefore become a 

body-wide non-conditional allele in the offspring.  Thus, it is necessary to 

keep the TSP-Cre and conditional alleles separate when breeding.   

3a.  For screens using no predisposing background begin by breeding R26-

LSL-SB11 mice to T2/Onc mice to generate animals that are homozygous for 

both alleles. These mice can then be intercrossed to TSP-Cre mice to obtain 

experimental animals (See figure 1a). 

3b. For screens using non-conditional predisposing background begin by 

breeding R26-LSL-SB11 mice to T2/Onc mice to generate animals that are 
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homozygous for both alleles. Concurrently breed TSP-Cre mice to non-

conditional predisposing allele mice to generate animals that are homozygous 

for the non-conditional allele. These mice can then be intercrossed to obtain 

experimental animals (See figure 1b).  

 3c.  For screens using a conditional predisposing background begin by 

breeding R26-LSL-SB11 mice to your conditional predisposing mice to 

generate animals that are homozygous for both alleles. Concurrently breed 

TSP-Cre mice to T2/Onc mice to generate animals that are homozygous for 

T2/Onc.  These mice can then be intercrossed to obtain experimental animals 

(See Figure 1c). 

Note that it may not always be possible to maintain predisposing alleles as homozygotes due 

to lethality, in this case the frequency of experimental mice will be reduced and attaining all 

experimental animals will take more breeding. 

Extract genomic DNA from tail sample 

4.  Upon weaning collect a small (~.5 cm) piece of tail in a 1.5 mL 

microcentrifuge tube for DNA extraction.  

Be sure to use the appropriate IACUC protocol for tail clipping specific to you institute as 

protocols can vary from one institute to another. 

5. Add 490 µL SDS lysis buffer + 10 µL Proteinase K (10 mg/mL) to each 

sample and incubate overnight at 55°C with shaking at 200 rpm. 
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6. After overnight digestion centrifuge at 20,000 xg for 5 min at room 

temperature to pellet remaining tail debris. 

7. Transfer liquid to a fresh 1.5 mL microcentrifuge tube. 

8. Add 500 µL of Phenol:Chloroform (1:1) and gently invert 10-20 times. 

Be sure to perform organic extraction in a properly ventilated hood. 

9. Centrifuge at 20,000 xg for 5 min at room temperature to separate the 

aqueous and organic layer. 

10. Carefully transfer the top aqueous layer (containing the DNA) to a new 

microcentrifuge tube and dispose of the lower organic layer to the appropriate 

waste. 

11. Precipitate DNA by adding 0.7 volumes ice cold isopropanol  (350 µL) and 

mix gently by inverting 10-20 times. 

12. Centrifuge at 15,000 rpm for 10 min at 4°C to pellet genomic DNA. 

13. Remove isopropanol by decanting and add 500 µL 70% ethanol and 

invert 10-20 times.  

14.  Centrifuge at 20,000 xg for 5 min at 4°C to pellet clean genomic DNA. 

15.  Remove ethanol by decanting and allow residual ethanol to evaporate for 

5-10 min before resuspending DNA in 100 µL of TE buffer. 

16. Incubate at 55°C for 30 min or overnight at 4°C to dissolve DNA pellet. 
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17. Determine the DNA concentration using a spectrophotometer (Gallagher 

and Desjardins, 1989) [*Editor: add CPMB reference] and dilute to 100 ng/µL 

with TE buffer.  

Genotyping PCR 

18. Set up PCR reactions for each transgene as follows: 

22 µl 1.1x ReddyMix 
1 µl forward primer (10 µM) 
1 µl reverse primer (10 µM) 
1 µl DNA Sample (100 ng/µl) 
 
Primer sequences for R26-LSL-SB11,T2/Onc, and Cre can be found in table 

1. 

19. Aliquot 24 µl of PCR master mix into 0.5-ml thin-walled PCR tubes and 

add 1 µL diluted genomic DNA (100 ng/ µl). 

 

Loading genomic DNA should be done carefully using filtered tips with new tips between 

samples to prevent cross contamination.  Positive and negative controls should also be run in 

parallel to ensure quality genotyping. Additionally, always prepare a master mix when 

possible to avoid variation between reactions.   

20. Amplify PCR amplicons using a thermal cycler programmed as follows: 

95°C 2 Min             1x 
      
95°C 25 Sec   
55°C 35 Sec 35x 
72°C 1.30 Min   
      
72°C 5 Min             1x 
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4°C Hold N/A 
 

for R26-LSL-SB11,T2/Onc, and Cre.  The expected amplicon size for R26-

LSL-SB11 is 420bp and WT R26 is 266bp, T2/Onc is 250bp, and Cre is 

500bp.    

Analyzing PCR Results 

21. Prepare a 1% agarose gel using 1x TAE, use 1x TAE as the running 

buffer as well (Voytas, 2000). 

22. PCR products can be loaded directly onto the 1% gel as the 1.1x 

Reddymix already contains loading dye.  On either end of the PCR products, 

an appropriate sized DNA ladder should be loaded to ensure the amplicons 

are of the correct size.  (See figure 2). 

23. Using the appropriate power supply run the gel at 140V for approximately 

30 to 40 minutes, or until multiplex PCR bands are resolved sufficiently. 

24. Capture an image of the gel for analysis using Polaroid film or another 

digital device.  

25. Analyze PCR results carefully to ensure Mendelian inheritance of all 

transgenes has occurred.  

If genotyping indicates that there is non-Mendelian inheritance of any allele it could mean that 

some combination of the transgenes is embryonically lethal.  This could require the selection 

of a new transgenic depending on the situation. 
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BASIC PROTOCOL #2 

Verifying Transposase Expression and Transposon 

Mobilization  

There are two quintessential assays to determine if transposon mutagenesis 

is occurring in the tissue and/or cell type of interest: SB 

Immunohistochemistry (IHC) and the transposon PCR excision assay (see 

Alternate Protocol 1).  The first ensures that the SB transposase protein is 

being expressed in the cell of interest and the latter indicates that mutagenic 

transposons are being mobilized from the T2/Onc concatemer in the tissue of 

interest. 

Materials (IHC) 

Citrosolv (Fisher Scientific, Fairlawn, NJ) 

Ethanol (Sigma-Aldrich, St. Louis, MO)  

Phosphate buffered saline (pH 7.5) (Fisher Scientific, Fairlawn, NJ)  

VectaStain Elite ABC reagent (Vector Laboratories, Burlingame, CA)  

Permount (Fisher Scientific, Fairlawn, NJ).  

Diaminobenzidene substrate kit (Vector Laboratories, Burlingame, CA)  

H2O2 diluted to 3% in H2O (Sigma-Aldrich, St. Louis, MO) 

Harris Hematoxylin (Fisher Scientific, Fairlawn, NJ) 

M.O.M. Mouse Ig Blocking Reagent (Vector Laboratories, Burlingame, CA) 

ImmunoEdge Pen (Vector Laboratories, Burlingame, CA)  
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Unmasking solution (Vector Laboratories, Burlingame, CA) 

Anti-SB11 antibody (Mouse monoclonal clone 324622) (R&D Systems 

Minneapolis, MN) 

Prepared slides of tissue of interest cut from paraffin blocks 

Humidity chamber (see recipes). 

1x PBST (1x PBS with 0.1% Tween 20) 

Tween 20 (Sigma-Aldrich, St. Louis, MO) 

24 x 50 #1.5 Cover Glass (Thermo Scientific, Rockford, IL) 

Microscope Slides 25 x 75 x 1.0mm (Fisher Scientific, Fairlawn, NJ) 

Immunohistochemistry for SB Transposase Expression 

1. Deparaffinize slides by incubating in Citrisolv for 5 min two times.  

 

2. Re-hydrate slides by sequential incubation in an ethanol gradient as 

follows: 

100% Ethanol 5 min→ 100% Ethanol 5 min→ 95% Ethanol 5 min→ 90% 

Ethanol 5 min→ 70% Ethanol 5 min→ Water 5 min→ PBS 5 min.  

 

 It is acceptable to pause in PBS if necessary. 

 

3. Boil slides for 30 min in unmasking solution in a 1 L beaker using a 

microwave set to high; this step removes cross-linking induced by formalin 

fixation, this frees up protein epitopes to become bound by antibody. 
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It is extremely important to ensure the water level does not fall below the slides during the 

boiling procedure to prevent the destruction of the tissue on the slides. [*Author: Is there any 

concern about the tissue detaching from the slide during boiling?]  

 

4. Let cool to room temperature by placing beaker on ice. The tissue on the 

slides must not be allowed to dry after this step. 

5. Rinse slides in PBS for 5 min.  

6. Block all endogenous peroxidases in the tissue by placing slides in 3% 

Hydrogen peroxide for 10 min.  

7. Rinse slides in PBS for 5 min two times. 

8. Using an ImmunoEdge pen draw a boundary around the tissues of each of 

the slides being stained and place slides in humidity chamber (see recipes). 

From this point on in the protocol PBST will be used in place of PBS to prevent the slides 

from drying out. 

 

9. Place 100 µL of diluted M.O.M. Ig Blocking Reagent on the slide and 

incubate for 1 hour at room temperature. 

Note that the hydrophobic immunoedge boundary will prevent the blocking liquid from 

spreading across the entire slide and will contain the blocking reagent on the circled tissue 

only. 

 

10. Wash slides in PBST for 2 min two times. 

11. Dilute primary anti-SB antibody in M.O.M. diluent (1:100 or 2.5 µg/ml) and 

place approximately 100 µL of 1° antibody solution on tissue sections and 

incubate overnight at 4°C or 4 hours at room temperature in humidity 
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chamber. 

Be sure to perform the necessary no-primary control for each slide, simply use M.O.M. 

diluent without primary antibody.  This controls for any non-specific binding of the secondary 

antibody. 

 

12. After overnight incubation, prepare VectaStain Elite ABC avidin/biotin-

HRP complex reagent by adding 2 drops of reagent A to 2.5 ml of PBST, mix, 

then add 2 drops of Reagent B and mix, let stand 30 min before using.  

13. Rinse slides in PBST for 2 min two times.  

14. Place 100 µL of diluted M.O.M. Biotinylated anti-mouse IgG (10 µL stock 

into 2.5 ml of M.O.M. diluent) onto tissue sections and incubate for 30 min at 

room temperature in humidity chamber. 

15. Rinse slides in PBST for 5 min two times.  

16. Place 100 µL VectaStain Elite ABC avidin/biotin-HRP complex reagent on 

tissue sections and incubate for 5 min. 

17. Wash in PBST for 5 min two times. 

18. Prepare fresh diaminobenzidine (DAB) substrate by adding 1 drop buffer 

+ 2 drops DAB + 1 drop peroxide in 2.5 ml H2O vortexing the solution after 

adding each reagent. 

19. Place approximately 100 µL DAB substrate on tissue sections and 

incubate for 1–3 min and watch for the development of brown staining. 

20. Rinse slides in H2O for 5min.  

21. Dip slides in hematoxylin 15-20 times. 
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22. Gently rinse slides in a beaker under tap water for approximately 3 min or 

until the blue stain no longer runs off the slides. 

23. Dehydrate tissue sections by sequential incubation in an ethanol gradient 

as follows: 70% Ethanol 5 min→ 90% Ethanol 5 min→ 95% Ethanol 5 min→ 

100% Ethanol 5 min→ 100% Ethanol 5 min→ CitriSolv 5 min→ CitriSolv 5 

min  

 

24. Mount slides in Permount and apply glass cover. 

Be careful not to produce bubbles when mounting slides.  

 

25. View slides under microscope. Positive staining is brown and nuclear as 

SB transposase is a nuclear protein.  See example of positive SB staining in 

figure 3. 

Alternate Protocol 1: Transposon PCR Excision Assay 

Materials 

Materials (PCR Excision Assay)  

SDS lysis buffer (see recipe) 

Proteinase K (see recipe)  

DNase/RNase-free water (Qiagen, Valencia, CA) 

2x ReddyMix (Thermo Scientific, Rockford, IL) 

Primers (Table 1)  

Genomic DNA (negative and positive controls)  
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1% agarose gel in 1x TAE buffer  

Molecular Grade Agarose 

Quanti-Marker 100bp (BioExpress, Kaysville, UT) 

1x TAE (from 50x stock) (see recipe) 

Ethidium bromide (10 mg/mL) (Sigma-Aldrich, St. Louis, MO) 

Sterile 1.5-ml microcentrifuge tubes 

55°C Shaker 

0.5-ml thin-walled PCR tubes 

Thermal cycler  

Gel electrophoresis apparatus and power source  

UV light box  

Gel photography equipment 

1. Set up PCR reactions using 2x ReddyMix for each sample as follows: 

25 µl 2x ReddyMix 
1 µl forward primer (10 µM) 
1 µl reverse primer (10 µM) 
2.5 µl DNA Sample (20 ng/µl) 
20.5 µl H2O 
 
Primer sequences are listed in table 1. 

Be sure to run positive and negative excision controls.  It is advisable to analyze many 

tissues from at least two independent experimental and control class animals to determine all 

of the tissues undergoing mutagenesis.  DNA can be extracted using the same 

phenol:chloroform extraction method used for tail clippings. 

2. Amplify PCR products using a thermal cycler programmed as follows: 
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95°C 2 Min             1x 
      
95°C 25 Sec   
55°C 35 Sec 35x 
72°C 1.30 Min   
      
72°C 5 Min             1x 
      
4°C Hold N/A 
 

The PCR excision primers found in table 1 are specific to T2/Onc mice.  If another 

transposon line is used different excision primers must be designed.   

3. Prepare a 1% agarose gel using 1x TAE, use 1x TAE as the running buffer 

as well (Voytas, 2000).  

4. PCR products can be loaded directly onto the 1% gel as 2x Reddymix 

already contains loading dye.  On either end of the PCR products an 

appropriate sized DNA ladder should be loaded to ensure the PCR products 

are of the correct size. 

5. Using the appropriate power supply run the gel at 140V for approximately 

30 to 40 min, or until PCR excision bands are resolved sufficiently. 

6. Capture an image of the gel for analysis using Polaroid film or another 

digital device.  

7. Analyze the PCR results to ensure that the smaller 225 bp products are 

only apparent in the tissue of interest and that all other tissue types produce 

the excision negative 2.2 kb PCR product.  See figure 4 for an example 

excision assay. 



	   25	  

Note that if there is excision occurring in undesired tissues, background tumors or 

phenotypes may develop, as mutagenesis will be occurring in these tissue types. 

BASIC PROTOCOL #3 

Identification of Transposon Insertion Sites by LM-PCR and 

High-throughput Sequencing 

Once the phenotype of interest has been identified, samples can be collected 

and interrogated for transposon insertion sites by Ligation Mediated 

Polymerase Chain Reaction (LM-PCR).  See overview in Figure 5 for 

molecular details.  The methods outlined below will allow for cloning of each 

transposon insertion site from both the left and right side of the transposon to 

ensure that the majority of insertions are successfully mapped to the mouse 

genome.   

Materials 

SDS lysis buffer (see recipe) 

Proteinase K (see recipe)  

DNase/RNase-free water (Qiagen, Valencia, CA) 

TE buffer (See Recipe) 

Fast Start Taq polymerase (Roche Scientific, Nutley, NJ)  

10x Buffer with 10mM MgCl2(Roche Scientific, Nutley, NJ)  

25 mM dNTPs (Roche Scientific, Nutley, NJ)  

2x ReddyMix (Thermo Scientific, Rockford, IL) 
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Primers (Table 1)  

BamHI (New England Biolabs, Ipswich, MA) 

NlaIII (New England Biolabs, Ipswich, MA) 

BfaI (New England Biolabs, Ipswich, MA) 

T4 DNA Ligase (New England Biolabs, Ipswich, MA) 

6x DNA sample buffer (see recipe) 

1% agarose gel in 1.0x TAE buffer  

1x TAE (from 50x stock) (see recipe) 

Quanti-Marker 100bp (BioExpress, Kaysville, UT) 

Ethidium bromide (10 mg/mL) (Sigma-Aldrich, St. Louis, MO) 

Sterile 1.5-ml microcentrifuge tubes 

55°C Shaker 

Orbital Shaker 

0.5-ml thin-walled 96-well PCR plates 

Thermal cycler  

Qiagen MinElute 96 UF Plates (Qiagen, Valencia, CA) 

Gel electrophoresis apparatus and power source  

UV light box  

Gel photography equipment 

LM-PCR for Identification of Transposon Insertion Sites 

1. Isolate genomic DNA from the cancer or phenotype of interest using the 

same methodology as isolating DNA from tails outlined in basic protocol 1. 



	   27	  

2. Dilute genomic DNA to 10 ng/µL using TE buffer. 

3. Set-up restriction enzyme digests of each sample with BfaI and Nlalll 

separately in 96-well PCR plates as follows: 

20 µl Genomic DNA (10 ng/µl) 

5 µl Buffer #4 (10x) 

0.5 µl BSA (100x) 

1 µl NlaIII or BfaI 

23.5 µl H2O 

Always prepare a master mix when possible to avoid variation between reactions.   

4. Incubate restriction enzyme digests overnight at 37°C. 

5. After overnight digest heat inactivate digests at 80°C for 20 min. 

6. At this point linker primers can be prepared for ligation to the digested 

genomic DNA.  Mix 50 µL of both the sense (+) and anti-sense (-) linker for 

the BfaI and NlaIII linkers (100µM stocks), add 2 µl of 5M NaCl and heat to 

95°C for 5 min.  Allow the reactions to cool to room temperature to allow the 

primers to anneal appropriately (about 2 hours). 

7.  Set-up the linker ligation reaction of digested genomic DNA using the 

appropriate linker as follows: 

10 µl RE-digested genomic DNA 

1 µl Linker Left or Right 

2 µl T4 DNA ligase Buffer (10X) 

1 µl NEB T4 DNA ligase  
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6 µl H2O 

Allow ligation to proceed overnight at 16°C. 

8. Purify ligated DNA using Qiagen MinElute 96 UF Plates following 

manufacturer’s instructions.  Resuspend in 40 µL of H2O by shaking 

sealed/secured plate for 3 min on an orbital shaker or equivalent device. 

9. At this point the transposon concatemer with any remaining transposons 

must be removed by restriction enzyme digest with BamHI. Incubate over 

night at 37°C after setting up the restriction enzyme digest as follows: 

40 µl RE digested/Linker-ligated/purified genomic DNA 
5 µl NEB Buffer #3 (10X) 
0.5 µl BSA (100X) 
1 µl BamHI 
3.5 µl H2O 
 

Note that this step assumes a T2/Onc transgenic line is being used as the transposons are 

directly flanked by BamHI sites on either side in the concatemer.  If another line was used as 

the source of mutagenic transposons then a different restriction enzyme may be required to 

remove residual transposon concatemer.  If this step is neglected many sequenced insertions 

will map to the concatemer. 

10. Purify ligated DNA using Qiagen MinElute 96 UF Plates following the 

manufacturer’s instructions.  Resuspend in 20 µL of H2O by shaking 

sealed/secured plate for 3 min on an orbital shaker or equivalent device. 

11. Use 1 µl of the resuspended template DNA for the 1° PCR as follows: 
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22 µl 2x ReddyMix 
1 µl Splink Left or Right (10 µM) 
1 µl Splink Linker (10 µM) 
1 µl DNA sample 
22 µl H2O 
 
and a thermal cycler programmed as follows:  

95°C 2 Min 1x 
      
95°C 25 Sec   
55°C 35 Sec 35x 
72°C 1.05 Min   
      
72°C 5 Min 1x 
      
4°C Hold N/A 
 
12. Dilute 3 µL of the 1° PCR into 222 µL of H2O (1:75 dilution) and use 1 µL 

of the diluted DNA for the 2° PCR as follows: 

25 µl 1° PCR Diluted 1:75 
1 µl Buffer with MgCl2  
1 µl dNTPs (25 mM) 
1 µl Nested Left or Right (Barcoded) (10 µM) 
1 µl Nested Linker (10 µM) 
1 µl Taq 
22 µl H2O 
 
and a thermal cycler programmed as follows: 

94°C 2 Min 1x 
      
94°C 30 Sec   
53°C 45 Sec 35x 
72°C 1.30 Min   
      
72°C 5 Min 1x 
      
4°C Hold N/A 
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2° PCR, or nested PCR, must be performed for two main reasons.  First, it further enriches 

for transposon insertion sites as there may be non-specific amplicons generated in the 1° 

PCR.  Furthermore, the 2° PCR incorporates the nucleotide barcode for high throughput 

sequencing using the Illumina platform. Barcodes can be designed using various methods 

such as BARCRAWL (Frank, 2009).  It is advisable to consult a bioinformaticist on this point. 

13. Prepare a 2% agarose gel using 1x TAE, use 1x TAE as the running 

buffer as well. Load 10 µL of PCR products mixed with 2 µL 6x loading dye 

(Voytas, 2000).   

20. Using the appropriate power supply run the gel at 140V for approximately 

30 to 40 min. 

21. Capture an image of the gel for analysis using Polaroid film or another 

digital device.  See figure 6 for an example of LM-PCR products.   

No distinct bands should be present and instead a smear should be observed indicating 

many different sized amplicons corresponding to many unique insertion sites. 

22. Purify DNA from the remaining PCR reaction using Qiagen MinElute 96 

UF Plates following the manufacturer’s instructions.  Wash DNA once with 50 

µL of H2O.  Resuspend in 30 µL of H2O by shaking sealed/secured plate for 3 

min. 

23.  Determine the DNA concentration of each sample using a 

spectrophotometer (Gallagher	  and	  Desjardins,	  1989) and dilute to 25 ng/µL.  

Combine equal amounts of DNA (usually ~100 ng) from each sample into a 
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single 1.5 mL microcentrifuge tube and send for high through put Illumina 

sequencing. 

REAGENTS AND SOLUTIONS 

Use RNase/DNase free ddH2O in the preparation of all reagents and solutions. 

SDS Lysis Buffer 

10mM	  Tris	  

1mM	  EDTA	  

1X	  SSC	  

1%	  SDS	  	  

Shelf life is three years at room temperature 

Proteinase	  K	  	  

10	  mg/mL	  in	  H2O 

Dispense into 1 mL aliquots and store up to 1 year at −20°C 

50x TAE  

242.2g Tris base 

100ml .5M EDTA pH 8  

57.1ml glacial acetic acid  

Bring up to 1 L with H2O 

Shelf life is three years at room temperature 

TE buffer 
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100 ml 1 M Tris-HCl pH 7.5 

20 ml 500 mM EDTA pH 8.0 

Bring up to 1 L with H2O 

Shelf life is three years at room temperature 

Humidity Chamber 

A humidity chamber is any enclosed box with wet paper towels, for example, 

a plastic box in which 4 cut-off pipettes have been placed, which are used to 

raise the slides off of the floor of the chamber. Both below and on top of the 

pipettes includes a layer of paper towels. Water is poured into the chamber so 

some small puddles form on top of the paper towels. 

DNA sample buffer (6x) 

0.25% (w/v) bromphenol blue 

0.25% (w/v) xylene cyanol 

30% (v/v) glycerol in H2O 

Store indefinitely at 4°C 

COMMENTARY 

Background Information 

Forward genetic screens 

In the new age of human cancer genomics there has been some thought that 

forward genetic screens in model organisms could be replaced with whole 

genome sequencing, aCGH, and other genome wide analysis technologies 
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(Kallioniemi, 2008; Mohr, 2002).  However, somatic mutagenesis is still an 

extremely powerful technique to identify genes involved with a specific 

phenotype and in some instances can identify genes that genome wide 

technologies could never detect in human samples.  For instance, there is still 

not an efficient genome wide technology to identify genes that are selected 

for epigenetic silencing or overexpression during tumor development in an in 

vivo setting.  There are technologies to identify if a particular gene is 

methlyated or modified in some fashion, but with hundreds of genes 

undergoing silencing in any given cell it is nearly impossible to identify the 

silenced genes that are involved with the phenotype without some sort of 

functional validation.  This is just one of many types of gene modulation that 

forward genetic screens can identify that whole genome technologies cannot 

currently identify.  Additionally, unannotated genes or miRNA are out of the 

range of most whole genome analysis, whereas forward genetic screens are 

non-biased and are able to identify even unannotated genes or functional 

elements such as miRNA. Lastly, forward genetic screens can also lead to 

the elucidation of gene function that had not been previously known, which is 

a large need in the field of biology as there are so many understudied genes 

(Huss, 2010).  

Forward genetic screens have been utilized for many years and 

performed in many different model organisms with a myriad of different 

mutagens.  N-ethyl-N-nitrosourea (ENU) and retroviral mutagenesis has been 

particularly fruitful in many model organisms (Gondo, 2008; Uren, 2005).  
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However, both of these mutagens have drawbacks that make them nonideal.  

For instance, it can be hard to identify the mutated gene of interest using ENU 

as it entails many back-crosses that are time consuming or impossible in 

some organisms, such as the mouse.  Retroviral mutagenesis has been a 

powerful technique in the mouse and has lead to the identification of many 

genes involved in cancer.  Retroviral mutagenesis is hampered by its 

predisposition to insert in actively transcribed genes and seems biased 

toward activation of proto-oncogenes.  Retroviral infection is restricted in the 

cell type that it can efficiently infect, making it useless for modeling many 

forms of cancer, being primarily useful for studies on leukemia/lymphoma and 

mammary carcinoma (Mikkers & Berns, 2003).  An ideal mutagen is one that 

randomly mutates the genome, can inactivate or overexpress genes, and is 

easily trackable, and amenable for use in many cell/tissue types. Sleeping 

Beauty is a mutagen that has been shown to fulfill all of these attributes of an 

ideal mutagen. 

CRITICAL PARAMETERS 

Genotyping 

Proper genotyping is arguably the most important aspect of successfully 

performing a SB forward genetic screen.  If there are mistakes in the 

genotyping it can lead to excessive mouse breeding and lost time.  The best 

way to avoid incorrect genotyping is to always run the appropriate controls, 
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monitor the inheritance of alleles, and be sure that the PCR amplicons are of 

the correct size. 

Tissue collection and storage 

The proper collection and storage of tissue samples is a critical step in any 

experiment and especially in a SB forward genetic screen. Have a plan in 

place prior to sacrificing any mice.  Upon necropsy, any tissue of interest 

should be processed to attain the most information possible.  Ideally the 

sample should be snap frozen in liquid nitrogen and stored at -80°C for later 

isolation of DNA and protein.  Another portion of the sample should be 

formalin fixed or embedded in optimum cutting temperature (OCT) compound 

for later use in IHC.  Lastly, if there is enough sample a portion should be 

placed in a RNA preservation reagent, such as RNAlater (Sigma-Aldrich), and 

stored at -80°C.  Additionally, be sure to collect and properly store any tissue 

that may be of interest in the future even if it is not directly the phenotype of 

interest.  For example, in cancer gene identification it would be ideal to collect 

the primary tumor and also any tissue that may harbor metastases, such as 

the liver, lung, and spleen.  These grossly normal tissues can later be 

sectioned to identify micrometastases and laser capture microdissection 

performed to identify transposon insertion sites, as described by Rahrmann et 

al. (2009). 

TROUBLESHOOTING 

Colony generation 
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In general, generating a colony should be a straightforward task.  However, 

there are some things that can be done to ensure success.  Always use mice 

of prime breeding age, 8-12 weeks of age.  Mice should produce litters within 

3-4 weeks and pregnancy is evident by a rapid increase in weight and size of 

pregnant females.  A deficiency of pregnant females could be due to 

behavioral or physical infertility.  Harem breeding male mice with 2-3 females 

can help distinguish which animals may not be breeding and new matings can 

then be performed with other animals. Vigilant documentation of the number 

of offspring can also help to identify decreases in fertility of breeding pairs. If 

the expected number or ratio of transgenes is non-Mendelian based on the 

genotypes of the breeders then the genotyping of the breeders should be 

repeated.   

Genotyping 

Mis-genotyped mice can occur from many different problems.  As a first 

precaution always run positive and negative control DNA with every set of 

genotyping PCR reactions.  If there are no bands present in any of the PCR 

reactions, but there is a clear DNA ladder, it could be due to many factors, 

such as: too little DNA or degraded DNA, inappropriate PCR program, 

expired or degraded reagents.  Re-quantify genomic DNA and check the 

quality on an agarose gel, check the PCR program, and if the problem 

persists replace all reagents and repeat the genotyping PCR.  On the other 

hand, if all of the PCR reactions exhibit bands then a reagent or piece of 
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equipment is likely contaminated.  Prepare fresh reagents from new stock and 

retry the genotyping, if the problem still persists the genomic DNA could be 

contaminated and new DNA should be extracted from the animals. 

Immunohistochemistry (IHC) 

As there are many steps involved in IHC there are also many potential 

problems that can occur.  Ensuring that all reagents are fresh, including 

ethanol gradients, citrisolv, anti-bodies, and hematoxylin will provide the best 

opportunity for success.  Always be sure to stain negative and positive control 

tissues as well as the no primary antibody controls for every tissue that is 

being stained for SB protein expression.  If there is no positive staining on any 

slides be sure to check that all steps were performed and in the correct order.  

If there is too much background staining it may be advisable to decrease the 

time that the DAB substrate is applied to the slides.  If the hematoxylin 

staining is too robust then the number of dips can be reduced to as few as 

five, especially if the hematoxylin is very fresh.   

PCR Excision Assay 

Many of the troubleshooting tips for the PCR excision assay are the same as 

for genotyping PCR troubleshooting, see above.  In some cases if the diluted 

DNA concentrations are not accurate or if the	  thermocycler is not calibrated 

precisely there may be faint but visible non-specific bands, these bands can 

generally be ignored if the bands of interest are robust and of the appropriate 
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sizes.  However, in most cases only the upper and lower bands are observed 

if the protocol is performed correctly. 

LM-PCR 

Due to the many steps and complexities involved with LM-PCR there are also 

many places to make potential mistakes.  The best way to ensure success 

when performing LM-PCR is to include negative and positive controls, pay 

close attention to what is being done at each step, and be sure not to switch 

the left and right side cloning reactions at any point in the process.  If proper 

controls are not performed throughout it is not possible to tell if the final 

results are correct.  It is of utmost importance to assemble each reaction with 

the appropriate amounts and types of reagents to ensure successful cloning 

of insertion sites.  Importantly, if the left and right side reactions are switched 

at any point after the initial restriction enzyme digest then the procedure will 

fail as each side has specific linkers and PCR primers.   

ANTICIPATED RESULTS 

Colony generation 

Once established, breeding pairs should produce litters every 19 to 21 days.  

The litter sizes should range from 5 to 10 depending on the age of the 

breeding pair and genetic background.  All transgenic alleles should be 

inherited in a Mendelian fashion. 

Genomic DNA Isolation 
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Genomic DNA extracted from tails at weaning using phenol:chloroform should 

yield high quality DNA with a 260/280 ratio varying from 1.7 to 2.0 and have a 

concentration between 50 ng/uL to 500 ng/uL.  DNA isolated from tissue 

should also be of high quality but may have a much higher or lower DNA 

concentration depending on the cellularity of the tissue from which DNA is 

being extracted and also the size of the starting material. 

Immunohistochemistry (IHC) 

Positive staining for SB proteins should appear as dark punctate staining in 

the nucleus as this is where the transposase functions.  There should not be 

diffuse staining or high background if the protocol outlined above is followed 

properly.   

PCR Excision Assay 

The positive control should have only the excision band at 225 bp and the 

negative control should have only the upper 2.2 kb excision band.  Samples 

under investigation could have either band and in some cases may have both 

bands, indicating that there was a mixture of transposition positive and 

negative cells in the tissue from which the DNA was isolated or there is a low 

rate of transposition and the concatemer of mutagenic transposons has not 

been depleted.  

LM-PCR 
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In most cases LM-PCR should yield thousands of unique transposon insertion 

sites.  In our experience, one lane of an Illumina sequencing run should yield 

between 20 and 50 million sequence reads.  These data need to be filtered 

and distilled by a knowledgeable bioinformaticist to acquire a meaningful 

catalogue of non-redundant insertion sites from which a list of common 

insertion sites can be calculated to identify candidate genes of the phenotype 

of interest.  

TIME CONSIDERATIONS 

Colony generation 

The time to generate a cohort of animals depends on many factors including 

approval of the institution to perform mouse experiments, obtaining all 

required transgenics and quarantine time before breeding can begin.  Once 

all of these tasks are finished it should take between 6 to 8 weeks to begin a 

small colony of breeding pairs to produce experimental and control animals.  

Of course, the more transgenes needed per animal and the total number of 

experimental and control animals needed both increase the time to acquire a 

complete cohort of animals necessary to perform a successful forward 

genetic screen.  It is not unheard of to take 6 months to a year to finish 

breeding a cohort of animals. 

Genomic DNA Isolation 
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The time necessary to perform genomic DNA isolation is dependent on the 

number of samples to be isolated.  It should take approximately 1.5 to 2 hours 

to extract DNA from 10 samples.  

Genotyping 

It should take about 15 minutes for all PCR components to thaw on ice before 

setting up PCR reactions.  For ten samples, with controls, it should take about 

15-20 minutes to set up the reactions.  PCR times vary on the number and 

time of each cycle in the PCR program but are generally less than 3 hours.  

Resolving the PCR amplicons by gel electrophoresis should take an 

additional 30 to 60 minutes.   

Immunohistochemistry (IHC) 

IHC is typically a two-day procedure and requires about 4 hours per day, so in 

total it requires about 8 hours of time assuming less than 24 slides are 

processed at once.  If more slides are involved, then the protocol could easily 

take two full days to complete.  However, there are a lot of incubation steps 

that allow for multiple procedures to be carried out in tandem.  

PCR Excision Assay 

The PCR excision assay should take a similar amount of time as genotyping. 

LM-PCR 
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Since LM-PCR is a multi-day procedure it can be a long procedure, especially 

if there is a large number of samples being processed.  Assuming there are 

less than 20 samples, the primary restriction digests should take about 30 

minutes to set up.  After the overnight digestion, heat inactivation requires 20 

minutes and the linker annealing preparation takes about 2.5 hours.  

Preparing the ligation reaction with the annealed linkers should take about 30 

minutes.  After the overnight ligation, cleaning up the ligated fragments with 

the mini-elute plates takes about 30 minutes including the resuspending of 

DNA.  The secondary digest should also take around 30 minutes to set up.  

After the secondary overnight digest, it should take another 30 minutes to 

clean up the DNA.  The primary PCR should take around 30 minutes to set up 

and the PCR cycle is approximately 2 hours.  Secondary PCR takes a similar 

amount of time with 10 minutes added to dilute the primary PCR in H2O.  

Cleaning up the DNA from the secondary PCR takes around 30 minutes and 

running a small portion of the secondary PCR on an agarose gel will take 30 

to 60 minutes.  Overall, the process should take around 10 to 12 hours 

spread out over 4 days.  Up to 400 samples can be processed at a time over 

the 4 days.  
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Figure 1. Outline of crosses necessary to generate experimental class 
animals undergoing transposon mutagenesis. (a) Experimental class 
animals for screens utilizing a conditional predisposing background are 
generated by breeding animals homozygous for both R26-LSL-SB11 and the 
conditional predisposing background to mice homozygous for the T2/Onc 
concatemer and heterozygous for the tissue specific Cre (TSP-Cre) of 
interest.  (b) Experimental class animals for screens utilizing no predisposing 
background or a non-conditional background are generated by breeding 
animals homozygous for both R26-LSL-SB11 and the T2/Onc concatemer to 
animals that are heterozygous for the TSP-Cre of interest or homozygous for 
the non-conditional predisposing background and heterozygous for the TSP-
Cre, respectively.  
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Figure 2.  An example of PCR genotyping results for Cre recombinase, 
T2/Onc, and R26-LSL-SB11.  Cre genotyping primers should produce a 
product of 482 bp.  The R26-LSL-SB11 genotyping PCR utilizes a three 
primer PCR to amplify both the wild type (WT) R26 and the knock-in R26-
LSL-SB11 alleles in a single reaction with WT producing a 420 bp product 
and the SB11 knock-in producing a 266 bp product.  T2/Onc genotyping 
primers should produce a product of 264 bp.  
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Figure 3.  An example of SB IHC results.  Shown below are example 
photomicrographs of immunohistochemical results for the SB transposase 
protein counterstained with hematoxylin.  Staining of tumor cells expressing 
SB show robust brown horseradish peroxidases staining that is most 
pronounced in the nucleus were the protein is localized.  Negative control 
staining lacking primary antibody should be devoid of brown horseradish 
peroxidase staining but still show counterstaining with hematoxylin. 
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Figure 4.  An example of a PCR excision assay results from a panel of 
transposon mutagenesis induced tumors.  Tumors positive for transposon 
mobilization should produce a 225 bp product.  If no transposition has 
occurred then a 2.2 kb product should be observed, as shown for tumor 2, 
which was negative for the SB transposase and developed as a background 
tumor in this experiment.  Some tumors may be composed of a mix of cells 
positive and negative for transposition and will thus produce both the 225 bp 
and 2.2 kb products, as shown in tumor 5 and 6. 
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 Figure 5.  LM-PCR procedure.  Flowchart outlining the molecular details at 
each step of the ligation-mediated PCR (LM-PCR) procedure leading to the 
final products that contain all the necessary elements for high throughput 
Illumina sequencing in order to identify the genomic site of transposon 
integrations. 
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Figure 6.  An example of ligation mediated PCR (LM-PCR) results from a 
panel of tumors induced by transposon mutagenesis.  LM-PCR products 
should appear as ‘smears’ as they contain many different sized products that 
correspond to many different amplified transposon-genomic DNA junction 
products.  Wild type mouse DNA and H2O should not produce PCR products 
of any kind. 
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 Table 1.  List of primers used for genotyping and LM-PCR 
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Primer Sequence 5'-3'
R26-LSL-WT Reverse CCCCAGATGACTACCTATCCTCCC
R26-LSL-WT Froward CTGTTTTGGAGGCAGGAA
R26-LSL-SB11 Reverse CTAAAAGGCCTATCACAAAC
T2/Onc Forward CGCTTCTCGCTTCTGTTCGC
T2/Onc Reverse CCACCCCCAGCATTCTAGTT
Excision Assay Forward TGTGCTGCAAGGCGATTA
Excision Assay Reverse ACCATGATTACGCCAAGC
Generic Cre Forward TTCGGCTATACGTAACAGGG
Generic Cre Reverse TCGATGCAACGAGTGATGAG
BfaI Linker+ GTAATACGACTCACTATAGGGCTCCGCTTAAGGGAC
BfaI Linker- P-TAGTCCCTTAAGCGGAG-AM
NlaIII Linker+ GTAATACGACTCACTATAGGGCTCCGCTTAAGGGACCATG
NlaIII Linker- P-GTCCCTTAAGCGGAGCC-AM
1° Splink IRDR Right GCTTGTGGAAGGCTACTCGAAATGTTTGACCC
1° Splink IRDR Left CTGGAATTTTCCAAGCTGTTTAAAGGCACAGTCAAC
1° Splink Linker GTAATACGACTCACTATAGGGC
2° Splink IRDR Right (Illumina) AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT(N)10AAGTGTATGTAAACTTCCGACTTCAA
2° Splink IRDR Left (Illumina)  AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT(N)10 AGGTGTATGTAAACTTCCGACTTCAA
2° Linker (Illumina) CAAGCAGAAGACGGCATACGAGCTCTTCCGATCTAGGGCTCCGCTTAAGGGAC
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Chapter 2: 

A Sleeping Beauty Forward Genetic Screen 
Identifies Genes Promoting Osteosarcoma 

Development and Metastasis 
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Osteosarcoma (OS) is the most common cancer of the bone and third most 

common cancer in children and adolescents in addition to having a high rate 

of metastasis. The 5-year survival rate of OS patients is 60-70%, though with 

metastatic disease it is less than 20%-30%. Identification of genes 

responsible for OS development and metastasis has been challenging due to 

its genomic instability and subsequent complexity.  Consequently, there is a 

pressing need to identify the genes and pathways governing OS development 

and metastasis in order to develop better therapies.  We performed a forward 

genetic screen utilizing the conditional Sleeping Beauty (SB) transposon 

mutagenesis system to identify unknown cancer genes that promote OS 

development and metastasis.  Mutagenesis was performed on both a wild 

type and predisposing Trp53LSL-R270H/+ background to induce random somatic 

mutations in osteoblasts that promote OS development and metastasis.  
One hundred and nineteen OSs were isolated from 96 predisposed and 20 

wild type mice undergoing SB mutagenesis.  Over 100 candidate cancer 

genes, both known and novel, were identified by analysis of transposon 

common insertion site (CIS).  Furthermore, macroscopic metastases were 

identified in a subset of animals that developed OS and in all cases 

metastases were highly clonally related as revealed by analysis of transposon 

insertion sites that were shared among all metastases in a single animal.  

These data not only demonstrate that SB mutagenesis is amenable to cancer 

gene identification in rare solid tumors but also that the metastases in human 

OS may be clonal in nature.   
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INTRODUCTION	  

OS is the most common cancer of the bone and third most common cancer in 

children and adolescents with approximately 900 new cases reported 

annually in the United States (Kansara & Thomas, 2007).  The 5-year 

survival rate of OS patients using conventional therapy is 60-70%, though 

with metastatic disease this rate is less than 20%-30%.  This is further 

compounded by the fact that it is believed that up to 80% of OS patients 

already have metastatic disease upon diagnosis (Merettie et al., 2008).  In 

children, the predilection sites of OS development are associated with areas 

of rapid bone growth, particularly in the long bones of the legs (commonly the 

distal femur or proximal tibia) followed by the proximal humerus 

(www.cancer.org).  Current treatment options for OS patients are insufficient 

and rely mainly on tumor resection, non-specific chemotherapy, and 

irradiation therapy.  

 The genes and genetic pathways that govern osteosarcomagenesis 

are not well known.  Identification of genes responsible for OS development 

and metastasis has been challenging due in part to its genomic instability, 

possibly caused by a massive chromosomal catastrophe termed 

chromothripsis, found to be prevalent in bone tumors (Stephens et al., 2011).  

Consequently, there is a pressing need to identify the genes and pathways 

governing OS development and metastasis to better treat OS patients; ideally 

by using drugs that specifically inhibit genes or genetic pathways found to be 

misregulated in OS.  Only the prototypical cancer genes, such as TP53, RB1, 
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and MYC have been implicated; with TP53 being misregulated in upwards of 

90% of all human OS (Kansara &Thomas, 2007).  In addition, CHK2, FGFR2, 

BUB1, and CDKN2A are also lost or mutated in human OS, while TOP3A, 

MAPK7, and COPS3 are reportedly amplified.  However, it is difficult to 

determine which of these genes are actually involved with OS development or 

progression without functional validation. 

 OS has even been successfully modeled in mice using conditional 

Trp53 and Rb1 alleles in conjunction with osteoblast specific Cre 

recombinase mice, though no new OS genes were identified from this model 

(Walkley et al. 2008).  This model also had an extremely low rate of 

metastasis (~10%) and most of the tumors developed on the jaw and head 

(>75%), a rare site of OS development in humans.  In order to identify novel 

genes that promote OS development and metastasis, we undertook a forward 

genetic screen utilizing the conditional Sleeping Beauty (SB) mutagenesis 

system.  This system uses DNA transposon insertional mutagenesis in 

somatic cells of mice to induce random mutations that can lead to tumor 

development (Dupuy et al., 2005; Collier et al., 2005).  Transposon insertion 

sites are identified by ligation mediated PCR (LM-PCR) using the transposon 

inverted repeat / direct repeat (IR/DRs) sequences as a molecular tag.  

Candidate cancer genes are identified by analysis of recurrent transposon 

insertion sites, termed common insertion sites (CIS), from many independent 

tumors of the same type.  The conditional SB mutagenesis system has been 

successfully used to model and identify candidate genes in colorectal, liver, 



	   61	  

brain, and pancreatic cancer in mice (Starr et al., 2009; Keng et al., 2009; Wu 

et al., 2012; Mann et al., 2012).  In this study, SB mutagenesis was performed 

on either a wild type or predisposing Trp53LSL-R270H/+ background to induce 

random somatic mutations specifically in osteoblasts to promote OS 

development and metastasis.  Osteoblast specific mutagenesis was 

accomplished using Osterix-Cre (Osx-Cre) mice (Rhoda  & McMahon, 2008).  

 SB mutagenesis on a Trp53LSL-R270H/+ predisposing background 

accelerated OS development and increased tumor burden compared to 

controls.  Moreover, SB mutagenesis induced OS development in otherwise 

wild type mice.  Interrogation of transposon insertion sites from SB 

mutagenized OS tumors identified over 100 candidate osteosarcomagenesis 

genes.  Importantly, we identified the known human OS genes PTEN, RB1, 

and MYC that validate the screen, in addition to many novel OS genes 

including ERAS, NF1, QKI, and TCF12.  Many OS CIS genes clustered into 

specific signaling pathways and cellular processes, including Wnt/β-Catenin 

and PI3K/Akt/mTor signaling, protein ubiquitination, RNA binding proteins, 

and DNA modifying enzymes.	   In addition to identifying candidate OS 

development genes, metastasis CIS genes were also identified from 16 

animals that developed metastases.  Furthermore, unsupervised hierarchical 

clustering analysis of transposon insertion sites from numerous metastases 

and associated primary tumors demonstrated that all metastases were highly 

clonal, even when collected from different tissues, and likely originate from a 

common metastatic progenitor clone in the primary tumor.  
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 We went on to validate a subset of candidate OS genes identified in 

our screen by comparative genomics using whole exome resequencing. In 

vitro over expression assays using well-established human OS cell lines was 

also used to functionally validate a subset of identified candidate genes.  SB 

mutagenesis successfully identified numerous known and novel OS 

development and metastasis genes, in addition to illuminating the fact that all 

OS metastases in this model are clonally related and likely arise from a 

common metastatic progenitor clone.  The genes identified in this screen can 

be used as an enriched list of candidate OS genes to be further investigated 

in a larger number of human OS samples. 

MATERIALS AND METHODS 

Mice  

All mouse work was carried out under University of Minnesota Institutional 

Animal Care and Use Committee guidelines.  All mouse strains used in this 

study have been previously described (Dupuy et al., 2009; Dupuy et al., 2005; 

Collier et al., 2005; Rhoda & McMahon, 2008; Olive et al., 2004; Xiao et al., 

2005).  Animals were aged until tumors developed or until moribund.  Upon 

necropsy, tumors were divided into 3 portions and snap frozen for DNA 

extraction, fixed in 10% formalin for histological analysis, and snap frozen in 

RNAlater (Sigma) solution for RNA extraction.  Pathological analysis and 

tumor classification was performed at the National Institute of Health / 
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National Cancer Institute.  OS free survival graphs were generated using the 

Prism statistical software package. 

Genotyping 

Upon weaning, a small portion of tail (~0.5 cm) was collected and DNA 

extracted using standard phenol:chloroform:isoamyl alcohol extraction after 

overnight digestion in SDS extraction buffer containing Proteinase K as 

described (Moriarity & Largaespada, 2011).  Genotyping primers and 

amplicons were as follows: Osx-Cre forward 5’-

TTCGGCTATACGTAACAGGG -3’ and reverse 5’-

TCGATGCAACGAGTGATGAG -3’ (482 bp); T2/Onc forward 5’-

CGCTTCTCGCTTCTGTTCGC-3’ and reverse 5’-CCACCCC 

CAGCATTCTAGTT-3’ (264 bp); Rosa26 wild type forward 5’-

CTGTTTTGGAGGCAGGAA-3’, Rosa26 wild type reverse 5’- 

CCCCAGATGACTACCTATCCTCCC-3’, SB11 reverse 5’-

CTAAAAGGCCTATCA CAAAC-3’ (wild-type 420 bp; LSL-SB11 266 bp); 

Trp53LSL-R270H forward 5’-TTACA CATCCAGCCTCTGTGG-3’, Trp53 wild type 

reverse 5’-CTTGGAGACATAGC CACACTG-3’, Trp53LSL-R270H conditional 

forward 5’-AGCTAGCCACCA TGGCTTGAGTAAGTCTGCA-3’ (wild type 170 

bp; Trp53LSL-R270H 270 bp).  PCR was performed using 1.1X ReddyMix 

(Thermo Scientific) with an initial denaturation of 95°C for 2 min; 35 cycles of 

denaturing at 95°C for 25 sec, annealing at 55°C for 35 sec, and extension at 

72°C for 1.5 min; followed by a final extension at 72°C for 5 min.  PCR 
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amplicons were resolved on 1% agarose gels and analyzed for presents or 

absents of transgenes.    

SB Excision Assay 

SB excision assays were performed as previously described (Collier et al., 

2005) 

Linker-mediated PCR 

Linker mediated PCR was performed as previously described with minor 

changes to nested PCR primers to allow for high throughput sequencing 

using the Illumina platform (Keng et al., 2009).  In addition to the Illumina 

specific sequences incorporated into the nested primers a 10 bp barcode, 

designed using BARCRAWL (Frank, 2009), was also included to allow for 

multiplexing of up to 96 samples per lane as previously described (Moriarity & 

Largaespada, 2011). 

aCGH, SKY, and G banding 

aCGH, SKY, and G banding analysis were performed by the  cytogenetics 

core facility at the University of Minnesota.  For aCHG, mouse tumor DNA 

was restriction digested and labeled with fluorochrome Cyanine-5 using 

random primers and exo-  Klenow fragment DNA polymerase.  Control tail 

DNA from the same mouse was labeled concurrently in Cyanine-3.  The 

sample and control DNA were combined and array-based comparative 

genomic hybridization (a-CGH) was performed with a microarray constructed 
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by Agilent Technologies, Inc that contains approximately 170,000 distinct 

biological oligonucleotides spaced at an average interval of 10.9 kb.  The ratio 

of sample to control DNA for each oligo was calculated using Feature 

Extraction software 10.5 (Agilent Technologies).   The abnormal threshold 

was applied using Genomics Workbench 7.0 (Agilent Technologies).  A 

combination of several statistical algorithms were applied.  A minimum of 

three oligos that have a minimum absolute ratio value of 0.1 [based on a 

log(2) ratio] is required for reporting of a copy number loss or gain. 

Slides for G banding and SKY were prepared from fixed cell 

suspensions.  Cells were harvested with colcemid (Irvine Scientific) exposure 

for 3 hrs and standard cytogenetic protocols for adherent cultures performed.  

G band slides were aged in 90°C oven for 1.5 hrs and  stained using 

Wright's/Giemsa stain.  Metaphase cells were imaged and karyotyped using 

Applied Spectral software.  Mouse SKYPaint probe (Applied Spectral 

Imaging) was applied to slides according to manufacturer protocol for SKY 

analysis.  Metaphases were visualized and karyotyped using a SKY filter 

equipped Olympus BX61 with 60x and 100X oil objective lenses and analyzed 

using Applied Spectral Imaging (ASI) BandView and HiSKY 5.5 software. 

CIS analysis 

CIS analysis of T2/Onc insertion sites was performed using TAPDANCE 

software, as previously described (Sarver et al., Submitted).  For each lane of 

Illumina data, sequences are loaded into a database table.  Barcodes, IRDR, 



	   66	  

and linker sequences are identified in the sequences using mysql queries.  

Sequences without genomic data (derived from the vector), sequences to 

short to map, and sequences that do not began with TA artifactual sequences 

are identified and sequentially removed.  For each library, the remaining 

sequences are then condensed to remove duplicate sequences retaining 

information regarding the total count. Sequence information is then mapped 

to the mouse genome using the bowtie algorithm to identify uniquely 

mappable regions and these mappings are combined for each of the Illumina 

lanes of data.  Mapped sequences are then condensed to 100 bp genomic 

regions to minimize potential over-counting of specific insertion events that 

are in close proximity.  Based on the number of mappings relative to the total 

number of mappings obtained for each library, sets of insertion regions are 

generated at various thresholds.  The most stringent threshold was used to 

calculate common insertion sites (CISs).  Inserts found on the SB donor 

chromosome are removed to eliminate bias from local hopping in the CIS 

analyses.  CIS are calculated by analyses of a given set of insertions to 

identify regions that show more insertions than would be expected by random 

chance within specific window sizes (200000,100000,50000,25000,12500 

bases). The window sizes were chosen to search a wide range of windows 

and to avoid biasing towards insertions found at single sites.   For each 

potential window examined a peak finding algorithm is run iteratively to return 

the maximum number of inserts and the maximum number of libraries present 

within each potential window for each window size. The likelihood of a given 
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number of insertions being obtained within a window of a given size is 

calculated using Poisson distribution statistics.  Given the size of the genome, 

the total number of inserts used to look for CIS, and the window size an 

estimate of the likelihood of randomly observing a specific number of 

insertions assuming a random distribution is directly calculated.   These 

windows are then combined to determine non-overlapping windows with the 

lowest p-values and these are defined as CIS.   

Immunohistochemistry  

Immunohistochemistry was performed using the mouse on mouse (M.O.M) kit 

and developed using the ABC Vectastain peroxidase system (Vector 

Laboratories) as previously described (Moriarity & Largaespada, 2011).  Anti-

SB11 antibody (Mouse monoclonal clone 324622) (R&D Systems) was used 

at 2.5 µg/ml.  

Sirius red staining 

Slides were dehydrated in a standard ethanol gradient followed by one wash 

in 1XPBS and stained with hematoxylin (Fisher Scientific).  Following 

counterstaining, slides were incubated in Sirius red solution (0.5 g direct red 

80 in 500 mL saturated 1.2% picric acid) for 1 hour at room temperature while 

gently shaking followed by two five minute washes in acidified water (5 mL 

glacial acetic acid in 1 L water).   Slides were then re-hydrated and mounted.  

Vector Construction 
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All PB/SB-CAG-GOI-GFP-PGK-PURO over expression vectors were 

generated using the LR Clonase Gateway cloning system (Invitrogen) with 

cDNAs in Entry vectors with PB/SB-CAG-DEST-GFP-PGK-PURO, following 

manufacturers instructions. PB/SB-CAG-DEST-GFP-PGK-PURO was 

constructed from a multi step cloning strategy.  Briefly, the CAG-DEST-GFP 

cassette was generated by cloning the DEST cassette from pcDNA-DEST40 

(Invitrogen) with Eco53KI and PmeI sites in place of the tTA cDNA of pTraffic-

tTA using blunted XhoI and Eco53KI sites.  The CAG-DEST-GFP cassette 

was then sub cloned into R26 (+) Shuttle using HpaI and NheI sites into a 

blunted BspHI and non-blunted SpeI site to make R26 (+) Shuttle-CAG-

DEST-GFP.  In parallel a PGK-Puro-pA cassette was cloned into PB/SB-

Kan/Neo using SpeI and SbfI sites on both insert and vector to make PB/SB-

Puro.  The CAG-DEST-GFP cassette was then cloned into PB/SB-Puro using 

EcoRV and SpeI on both insert and vector to make the final PB/SB-CAG-

DEST-GFP-PGK-PURO vector.  All enzymes were purchased from New 

England Biolabs.  cDNAs were purchased in Gateway ready vectors from 

Invitrogen or cloned into entry vectors using PCR and the BP Clonase 

reaction (Invitrogen), following manufacturers instructions. 

Cell culture and Electroporations 

HOS and U2OS cell lines were acquired from ATCC.  HOS cells were 

maintained in IMDM media (Invitrogen) supplemented with 10% FBS and 1% 

Penicillin/Streptomycin.  U2OS cells were maintained in McCoy’s 5A media 
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(Invitrogen) supplemented with 10% FBS and 1% Penicillin/Streptomycin.  

Electroporations were carried out using the NEON transfection system 

(Invitrogen), following manufacturers protocol.  Stable lines produced using 

transposons were generated using 2 µg pCMV-PB7 transposase plasmid and 

2 µg transposon plasmid. 

MTS Proliferation Assay 

Cells were trypsinized using 0.25% Trypsin/2.21mM EDTA (Cellgro) and 

quantified using the Countess cell counter (Invitrogen); 1,200 cells were 

plated per well in sextuplet on 96-well plates.  Twenty-four hours after plating 

20 µL of a 1:20 mixture of phenazine methosulfate:3-(4,5-dimethylthiazol-2-

yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (PMS:MTS) 

was added to each well and allowed to incubate for 2.5 hours.  Absorbencies 

at 490nm and 650nm were read using the BioTek SynergyMx fluorescence 

plate reader.  Data was analyzed using Microsoft Excel.  All statistics 

(unpaired T-tests) were performed and results graphed using the Prism 

software package. 

Soft Agar assay 

HOS or U2OS cells (1x104) over expressing candidate genes or Luciferase 

control were seeded into soft agar in single wells of six well plates and 

allowed to incubate for 2-3 weeks.  The resultant colonies were then stained 

with 0.5% crystal violet in buffered formalin for 1 hour.  Each well was divided 

into 4 quadrants and photographed.  Colonies were quantified using ImageJ 
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software using a standard colony quantification macro.  All statistics (unpaired 

T-tests) were performed and results graphed using the Prism software 

package. 

RESULTS 

SB mutagenesis can accelerate or Induces OS development in Osx-Cre 

expressing cells  

In order to identify OS development and metastasis genes, animals 

undergoing SB mutagenesis on a wild type or predisposed background were 

generated as triple or quadruple transgenic animals, respectively.  Quadruple 

transgenic animals contained the conditional SB transposase (R26-LSL-

SB11), conditional Trp53LSL-R270H/+ dominant negative (DN) predisposing 

allele, Osxerix-Cre recombinase (Osx-Cre), and one of two different T2/Onc 

transgenic concatemer lines (Figure 1a) (Dupuy et al., 2009; Dupuy et al., 

2005; Collier et al., 2005; Rhoda & McMahon, 2008; Olive et al., 2004).  The 

control group for this cohort was comprised of animals containing the 

conditional Trp53LSL-R270H/+ DN, Osx-Cre, and lacking either R26-LSL-SB11 or 

T2/Onc.  Triple transgenic animals contained all of the above transgenes 

except the Trp53LSL-R270H/+ DN allele and also used two different concatemer 

lines.  Experimental cohorts were generated by breeding Osx-Cre;T2/Onc 

mice to R26-LSL-SB11; Trp53LSL-R270H/+ (Figure 1b).  

The first of two T2/Onc lines used harbors a concatemer on 

chromosome 15 and contains approximately 25 mutagenic transposons 
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(PO15-low copy), while the second T2/Onc line contains over 300 mutagenic 

transposons (PO4-high copy) and is located on chromosome 4.  T2/Onc lines 

located on different chromosomes were chosen because SB transposition 

suffers from a ‘local hopping’ phenomenon, necessitating the exclusion of 

T2/Onc insertions from the donor concatemer chromosome for the CIS 

analyses (Keng et al., 2005).  Using transposon concatemer lines located on 

different chromosomes allows for complete coverage of the mouse genome.  

SB mutagenesis significantly accelerated OS development in quadruple 

transgenic mice undergoing mutagenesis compared to control animals 

(p<0.0003***) (Figure 2a).  Ninety-six OSs developed in 72 of these animals 

with 48 tumors from the low copy T2/Onc line and 46 from the high copy 

T2/Onc line (74% and 69.4% penetrance, respectively) (Figure 2b).  The 

average time to OS development in the high copy line was 12.52 months and 

the low copy line was slightly longer with an average time to OS development 

of 14.24 months.  Although the tumor penetrance in the high and low copy 

T2/Onc lines was not appreciably different, the time to OS development was 

statistically significant (p=0.024*).  Additionally, upon histopathological 

analysis of SB accelerated tumors it was found that tumors developed using 

the high copy T2/Onc line were more aggressive and less differentiated than 

tumors harboring the low copy T2/Onc concatemer.  Twenty-nine of 49 

control mice expressing the Trp53LSL-R270H/+ DN allele in osteoblasts 

developed OS (59.2% penetrance) with an average time to OS development 

of 16.85 months.  Control animals also had a lower tumor burden than 
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quadruple experimental animals (p<0.0373*) (Figure 2b). Twenty wild type 

animals undergoing SB mutagenesis developed OS with a longer latency 

(20.4 months) and a lower penetrance (24.4%) compared to the other 

cohorts.  No OSs developed in animals without mutagenesis or the activated 

Trp53LSL-R270H/+ DN allele.   

Interestingly, the site distribution of OS development in both the control 

and experimental groups were more similar to that seen in humans then any 

other previously described mouse model of OS, with >25% arising in the hind 

legs, the most common site of OS development in humans (Figure 2c).  In 

mouse models of OS that have been developed, the majority (>75%) of OSs 

develop on the skull and snout/jaw region (Walkley et al., 2008).  OS tumors 

that developed in control and SB mutagenized animals had a typical gross 

anatomy, histological appearance, and stained positive for collagen, a major 

constitute of osteoid found commonly in human OS (Figure 3a-f).  In addition, 

SB mutagenized tumors stained positive for SB transposase expression by 

IHC and were also positive for T2/Onc transposition by the transposon 

excision assay (Figure 3g,h and i, respectively) (Collier et al. 2005). Taken 

together, these results demonstrate that SB mutagenesis can induce or 

accelerate frank OS tumor development and significantly increases tumor 

burden and decreases latency in quadruple transgenic animals compared to 

triple transgenic control mice. 
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Analysis of T2/Onc CISs identifies over 100 significant candidate OS 

genes 

T2/Onc insertions were identified by ligation-mediated PCR (LM-PCR) 

performed on 23 SB induced and 96 SB accelerated OS tumors using the 

transposon IR/DR sequences as a molecular tag (collier et al., 2005).  Upon 

sequencing all LM-PCR products utilizing the Illumina platform we obtained 

~200,000,000 sequence reads that were bioinformatically reduced to 38,453 

non-redundant insertions.  Due to the ‘local hopping’ phenomenon of SB 

transposition all insertions mapping to the chromosome harboring the T2/Onc 

concatemer were discarded from the analysis. We then performed an 

informatics analysis of the insertions using a software tool called TAPDANCE 

(Sarver et al, submitted).  We identified 92 statistically significant CISs from 

SB accelerated tumors and 37 from the SB induced tumors for a total of 129 

candidate genes.  CISs analysis identified known and novel OS genes in both 

experimental cohorts (known OS genes are highlighted in red) (Table. 1 and 

2).   

We were also able to determine whether the CIS associated genes are 

potential oncogenes or tumor suppressors (TSP) based on the orientation 

bias and location of the transposon insertions relative to the open reading 

frame (ORF) of the gene.  For example, we would predict that Eras is an 

oncogene as all of the insertions are upstream of the gene or in the first intron 

with the MSCV-SD of T2/Onc in the same orientation as the ORF, likely 
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driving over expression; whereas Nf1 is likely acting as tumor suppressor 

since the insertions do not have an orientation bias and are scattered 

throughout the entire gene.  Pten was a top CIS with 39.1% of SB induced 

and 23.9% of SB accelerated tumors harboring T2/Onc insertions within Pten.  

PTEN loss in human OS has been investigated utilizing SNP arrays and it 

was found that 44% (12/27) of the OS tumors under investigation had loss of 

one allele and 15% (4 of 27) had bi-allelic loss of PTEN (Freeman et al., 

2008).  Although PTEN was only lost in a subset of the human tumors 

analyzed (16/27), PTEN function could be compromised by many other 

mechanisms, such as inactivating mutations, localization, or post-

transcriptionally misregulated (Chalhoub & Baker, 2009).  Thus, our screen 

and this small scale SNP study would predict that PTEN or the pathway that it 

regulates, PI3K/Akt/mTor, is likely misregulated in a large number human OS.  

Nf2 was in the top 4 CISs identified in SB accelerated tumors and has 

previously been shown to be a potent suppressor of metastatic OS in mice 

(McClatchey et al., 1998).  However, the NF2 protein, merlin, was found to be 

expressed normally in a panel of 22 human OS tumors by 

immunohistochemical analysis and no mutations were identified by direct 

exon resequencing of the same samples (Stemmer-Rachamimov et al., 

1998).  The authors speculated that in humans NF2 may not be an important 

OS tumor suppressor gene, but this issue has yet to be further investigated.  

Since these investigations of NF2 loss in human OS there has been an 

enormous increase in the knowledge of NF2 biology, in part due to the effort 
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to improve the treatment of Neurofibromatosis type 2.  Intriguingly, Wang et 

al. showed that phosphorylation of merlin at serine 518 leads to increased 

Ras/Rac/PAK signal transduction and an increase in tumor size in 

Schwannomas.  These results led them to conclude that phosphorylation of 

merlin at serine 518 is ‘a kind of type of mutation’ that can add to 

tumorigenesis in Schwannomas (Wang et al., 2009).  Thus, the 

phosphorylation status of merlin and the potential of this modification to add 

to human OS tumorigenesis needs to be investigated.  Interestingly, Nf2 was 

only identified as a CIS gene in the predisposed mutagenesis cohort and 

there were no insertions in Nf2 from the wild type mutagenesis cohort.  This 

likely indicates that there is a strong cooperation between Trp53 loss and Nf2 

loss in our SB model of OS.  Over all, these data demonstrate that we have 

identified numerous known OS genes and likely many candidate OS genes 

that can now be validated using functional studies in addition to comparative 

genomics using human OS samples. 

Co-occurring insertions in SB accelerated OS 

In order to look for co-occurring CIS sites to identify cooperation between 

specific gene alterations we performed pair wise comparisons using a 

Fisher’s exact test to identify pairs of CIS genes that are found co-mutated 

more than would be expected by chance.  From this analysis we identified 57 

pairs of CIS genes that had a p value less than 0.05 after Bonferroni 

correction (Table 4).  The Bonferroni correction helps prevent identifying false 
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positives when performing multiple comparisons. These pairs of genes likely 

represent cooperating mutations in OS tumor development and would be 

good candidates to validate in combination. 

Signaling pathways and cellular processes enriched in CIS genes 

Analysis of CIS genes using Ingenuity Pathways Analysis reveals that the top 

biological function of our CIS genes is cancer (p<5.49E-3; 51/129 molecules). 

The top signaling pathways identified from this analysis are shown in table 5.   

There were  many genes identified in Wnt/β -Catenin, PI3K/Akt/mTor, and 

Ras/MAPK signaling, all of which have been previously implicated in human 

OS (Guo et al., 2007; Liu et al., 2008; Geryk-Hall and Hughes, 2009).  

Interestingly, the number one signaling pathway identified was mouse 

embryonic stem cell pluripotency.  There have been reports identifying stem 

cell like side populations in human OS that express ES cell markers such as 

OCT-4 and NANOG (Yang et al., 2011; Wu et al., 2007).  Further, Eras was a 

top hit in both SB induced and SB accelerated OS cohorts and has been 

implicated in mouse ES cell growth and tumorigenicity (Takahashi et al., 

2003).  Perhaps these side population cells are the progenitor cells that 

initiated osteosarcomagenesis.   

In vitro and in vivo functional validation of OS CIS genes  

To functionally validate that our identified CIS genes have relevance in 

human OS we over expressed the human cDNAs of a subset of candidate OS 

genes in the well-established human OS cancer cell lines HOS and U2OS.  
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We performed over expression studies of candidate OS genes rather than 

shRNA knockdowns as the majority of the CIS genes identified in our screen 

were predicted to be tumor suppressors based on T2/Onc insertion profiles 

(>90%).  In order to over express candidate genes, we constructed Piggybac 

transposon vectors containing the ubiquitous CMV early enhancer/chicken β-

actin (CAG) promoter linked to an internal ribosomal entry sequence (IRES) 

EGFP in addition to the Puromycin resistance gene driven by the 

phosphoglycerate kinase (PGK) promoter (Figure 4a).  Stable lines over 

expressing CIS cDNAs were generated by co-transfection of transposon with 

PB7 transposase plasmid followed by selection with Puromycin.  Cell lines 

over expressing the firefly luciferase cDNA were used as controls for 

comparison to experimental cDNA over expressing lines. 

We over expressed 10 different CIS cDNA from the identified CISs in 

either U2OS or HOS cell lines and assayed them for changes in proliferation 

and soft agar colony formation to functionally validate their role in human OS 

cells. Over expression of GSK3β and QKI reduced proliferation of HOS cells 

with QKI having a statistically significant change (p<0.0134*) and GSK3β 

trending toward significance (p=0.106, T-test) (Figure 4b).  PTEN and 

BMPR1A over expression significantly reduced soft agar colony formation 

compared to luciferase control in  U2OS (p<0.0001***) and HOS cells 

(p<0.0003***), Respectively (Figure 4c).  In addition, over expression of 

ERAS in HOS cells increased cell proliferation (p<0.0051**) and dramatically 

increased soft agar colony formation (p<0.0082**).  Overall, six of the ten 
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cDNAs tested produced changes in proliferation, soft agar colony formation, 

or both in at least one cell line (ERAS, QKI, GSK3B, PTEN, TCF12, and 

BMPR1A).  Some cDNAs tested did not produce changes in proliferation or 

soft agar colony formation in either cell lines (KDM6A, UBE2D3, TNRC6A, 

and WNKI).  It may be that some of the genes tested only have functional 

consequences in a certain genetic context, or are involved in an aspect of 

tumor development that does not effect proliferation or soft agar colony 

formation. Further, some stable lines could not be obtained even after 

multiple attempts, such as PTEN over expression in HOS cells, suggesting 

the HOS cells may be very dependent on PI3K/Akt/mTor signaling.  Future 

experiments using inducible or conditional over expression vectors may be 

necessary to functionally test these genes.  These results demonstrate that 

many of the candidate cancer genes identified by our SB screen are 

functionally relevant to human OS. 

In order to further validate Pten in OS development and to generate 

new genetically engineered mouse models (GEMMs) of OS we used a 

conditional Pten loss of function allele, PtenF, in combination with the 

Trp53LSL-R270H/+ DN and Osx-Cre transgenes.  Mice that were homozygous for 

PtenF in addition to having Trp53LSL-R270H DN and Osx-Cre developed tumors 

that appeared to be lipomas upon gross necropsy.  It has also been observed 

that PtenF/F;Osx-Cre mice develop rapid onset lipomas that is accelerated by 

Rb1 loss (Tim Hallstrom - personal communication).  However, mice 

heterozygous for Pten, PtenF/+, expressing the Trp53R270H DN allele in 
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osteoblast develop accelerated OS without lipoma development (Figure 4d).  

The average onset of OS development in PtenF/+;Trp53LSL-R270H/+ ;Osx-Cre 

mice was 4.76 months (n=4), whereas the average onset of OS development 

in control mice from our SB screen was 16.85 months (n=29) (p<0.0001***). 

These results further implicate Pten in osteosarcomagenesis and also 

demonstrate that the candidate genes identified by our SB screen can be 

functionally relevant to OS development in vivo. 

SB accelerated and control OS tumors mimic the genomic instability 

and a miRNA profile observed in human OS tumors 

To further assess how well our mouse model of OS genetically mimics human 

OS we analyzed the amount of genomic instability and miRNA profiles of SB 

mutagenized and control tumors.  We performed array comparative genomic 

hybridization (aCGH), spectral karyotyping (SKY), and G banding on SB 

induced, SB accelerated, and control tumors.  We found that all tumors had 

some evidence of genomic instability although SB induced tumors had near 

perfect karyotypes by SKY analysis (Figure 5a).  Interestingly, control tumors 

developing in Trp53R270H/+;Osx-Cre mice had significantly more genomic 

aberrations than SB accelerated or SB induced tumors by aCGH analysis 

(p<0.0074** and p<0.0015**, respectively) (Figure 5b).  SB induced tumors 

not only had fewer genomic aberrations than control or SB accelerated 

tumors but also a significantly lower number of whole chromosomal gains or 

losses than controls or SB accelerated tumors (p<0.0217* and p<0.0013*) 
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(Figure5b).  Three of nine (33.3%) SB mutagenized tumors analyzed also 

showed discrete gains of less than 3 Mb that harbored only Myc (Figure 4d).  

This is consistent with human OS where it has been reported that upwards of 

40% of all OS tumors contain amplifications of MYC (Kansara & Thomas, 

2007).  One SB induced tumor also showed a discrete loss of less than 1.5 

Mb encompassing the Nf1 gene.  This tumor did not carry a T2/Onc insertion 

in Nf1 unlike many other SB mutagenized tumors (Figure 5d).  All control 

tumors analyzed also showed loss of mouse chromosome 11, which harbors 

top CIS genes Nf1 and Nf2, in addition to Trp53.   

Recently, there have been numerous reports of miRNA involvement in 

human OS by acting as oncomirs or tumor suppressor miRNAs (Montanini et 

al., 2012;	  Kobayashi et al., 2012; Duanet al., 2011).  Multiple well-defined 

miRNA signatures have been associated with subsets of human OS (Jones et 

al., 2012; Thayanithy et al., 2011).  Thus, we performed miRNA microarray 

profiling on SB induced and Trp53R270H DN control tumors to see if our mouse 

models of OS have miRNA expression profiles homologous to that seen in 

humans.  Surprisingly, we found that both SB induced and Trp53R270H DN 

control tumors have very similar miRNA profiles and both groups show loss of 

the syntenic miRNA cluster on human chromosome 14q32 as is seen in a 

large subset of human OS (Thayanithy et al., 2011) (Figure 5c).  It was 

previously shown that down regulation of 14q32 leads to upregulation of MYC 

transcripts, which was shown to be a direct target of miR-382, miR-369-3p, 

miR-544 and miR-134 found in the 14q32 miRNA cluster.  Myc was identified 
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as a CIS in our screen and amplified in 3/6 SB mutagenized OS tumors 

analyzed by aCGH.   

Considering that a single miRNA typically regulates tens to hundreds 

of genes it is not surprising that their misregulation contributes to many 

different types of cancer.  However, deciphering the particular gene or genes 

that miRNAs are affecting to produce a given phenotype is particularly 

challenging.  Thus, we used our CIS genes to query the nearly 1,200 

predicted target genes significantly affected by misregulated miRNA in human 

OS identified by Jones et al to find potential gene candidates (Jones et al., 

2012).  We found that 21 of the 1,156 genes significantly altered by OS 

associated miRNAs were also CIS identified in our screen; this is more than 

would be expected by chance (p=6.0E-06) (Supplementary Table 1 and 2).  

These genes could represent the downstream effectors that produce OS 

development or progression when misregulated by oncomirs or tumor 

suppressor miRNAs.  Collectively, these data demonstrate that our mouse 

models of OS development are accurately mimicking human OS at the 

molecular level showing miRNA and structural genomic changes analogous 

to those seen in human OS.  

A subset of identified candidate cancer are mutated in human OS 

Comparative genomics approaches to validate candidate cancer genes is key 

to any cancer screen performed in mice to determine which genes are truly 

relevant to the human disease.  We performed whole exome re-sequencing of 
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25 human OS patient samples to identify intragenic mutations in human OS.  

We then used our CIS list as an enriched dataset and looked for mutations in 

any of the identified CIS genes.  There were 100 mutations identified in 35 

genes from all OS CIS genes queried (p=0.2027) (Supplementary Table 2 

and 3).  CIS genes NF1, STAG1, and MED13 were found to have mutations 

in multiple samples.  STAG1 is a component of the cohesin complex and has 

been found to be a key mediator of P53 dependent apoptosis (Anazawa et 

al., 2004).  MED13 is part of the mediator complex that is responsible for the 

transcription of many genes.  There were also 4 reported mutations in STAG1 

and 9 in MED13 in other tumor types, further implicating them in cancer 

development or progression (COSMIC database,	  

http://www.sanger.ac.uk/genetics/CGP/cosmic/). 

We identified two missense mutations in the Ras-GAP domain of NF1; 

a gene never previously implicated in human OS and also a top CIS in both 

the SB induced and accelerated screen.  Interestingly, there have been a 

handful of case reports of Neurofibromatosis Type 1 (NF1) patients 

developing primary bone tumors (Hitori et al., 2006; Cinamon et al., 2002; 

Ferreira et al., 1994).  NF1 also shows copy number loss and reduced 

expression in multiple xenograft models of OS and human OS cell lines  

(Neale et al., 2008; Oncomine).  Moreover, there was a recently reported 

retrospective study that examined 2900 patients that had primary bone 

sarcomas and it was found that 8 of them also had NF1.  The authors 

concluded that this finding was significant and that in this patient population 
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NF1 patients had an eight fold increased risk of developing a primary bone 

tumor (Chowdhry et al., 2009). Taken together these results strongly suggest 

that NF1 may play a role in the development or progression of human OS.  

Further studies using large sample sizes of human OS tumors should be 

performed to identify the percent of OSs that have loss of NF1 function.  This 

finding also further corroborates RTK/RAS/MAPK signaling in human OS.  

Finally, these comparative genomics studies solidify that the CIS genes 

identified in our screen are also frequently mutated in human OS. 

SB accelerated OS produce metastases that are highly clonal 

In addition to accelerated OS development, a subset of experimental animals 

also developed macroscopic metastases to the liver and/or lungs.  There was 

no significant difference in the number of animals that developed metastases 

between control and experimental animals that developed metastatic disease.  

Eight of 28 control animals and 16 of 72 experimental animals presented with 

macroscopic metastases to the liver and/or lungs; 9 in the low copy and 7 in 

the high copy T2/Onc line.  Metastases had a gross and histological 

appearance consistent with being OS derived, stained positive for collagen by 

Sirius red staining, and were positive for SB11 protein expression by IHC 

(Figure 6a).  Since metastatic disease is one of the major factors influencing 

patient’s disease free survival in OS it was pertinent to analyze all metastases 

from the subset of experimental animals that did develop macroscopic 

metastases.  LM-PCR was therefore performed on over 100 metastatic 
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nodules collected from the liver and lungs of all 16 experimental animals that 

had metastatic OS and CIS identified (Table 3).    

Using T2/Onc integration sites as a molecular signature for each 

individual metastatic nodule, we performed a non-supervised hierarchical 

clustering analysis on all metastases and primary tumors from experimental 

animals that developed metastatic OS.  All primary tumors clustered with their 

respective metastases and surprisingly the metastases from any given animal 

were also found to be highly clonal as they shared a large proportion of 

T2/Onc integration sites, even if they were collected from different tissues (i.e. 

from the liver or lung) (Fig. 6b shows 4/16 cases). Metastasis specific genes 

are likely not ubiquitous mutated in the primary tumor and therefore may be 

identified in our SB screen by comparing metastasis specific CIS genes to 

primary OS CIS genes (Figure 6c).  With this line of thought, we would 

postulate that Taok1, Asap1, and Anapc1 are potential metastasis specific 

genes identified in our SB screen. 

 DISCUSSION 

Due to its high level of genomic instability and rampant mutations the genetics 

of OS development and metastasis in humans remains elusive.  We report a 

SB forward genetic screen to identify unknown OS development and 

metastasis genes in predisposed Trp53R270H/+ and wild type backgrounds.  SB 

mutagenesis induced and accelerated OS that histologically resembled 

human and mouse OS and stain positive for collagen by Sirius red staining.  
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SB tumors generated with the high copy T2/Onc line developed faster and 

appeared more aggressive and less differentiated than OS developed using 

the low copy T2/Onc line or predisposing Trp53R270H background alone.  This 

observation is likely due to the copy number of T2/Onc although it could also 

be ascribed to the chromosomal location of the concatemer and the 

surrounding genes. 

Using a TAPDANCE analysis  on the T2/Onc insertion sites cloned 

form SB accelerated and SB induced OSs we identified 92 and 37 statistically 

significant CIS, respectively (Sarver et al., submitted).  The CIS genes 

identified include known and novel OS genes.  The well-known OS genes 

Rb1 and Myc were both identified in our screen validating that we are 

identifying OS related genes.  Also, known cancer genes in other types of 

cancers not previously associated with OS were identified, including Nf1, 

Stag1, Bicc1, and Eras.  We also observed enrichment in genes in Wnt/β-

Catenin, PI3K/Akt/mTor, and RTK/RAS/MAPK signaling; all of which have 

been previously implicated in human OS previously (Guo et al., 2007; Liu et 

al., 2008; Geryk-Hall and Hughes, 2009).  Critically, we identified genes in 

these signaling pathways that have yet to be implicated in human OS.  We 

have also likely identified genes that are associated with these pathways but 

not yet identified as participating in the pathway.  For instance, we identified 

Bicc1 and Prdm5 early on in our screen and both of these genes were 

subsequently implicated in Wnt/β-Catenin signaling by other groups (Shu et 

al., 2011; Kraus et al., 2012).  
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As miRNAs have recently been implicated in human OS, we performed 

miRNA profiling on the OS tumors in our study to investigate if they mimic the 

miRNA profiles observed in some human OS.  Both SB mutagenized and 

control OS tumors recapitulate a miRNA profile observed in human OS with a 

down regulation of miRNA homologous to the 14q32 miRNA cluster that was 

shown to negatively regulates MYC (Thayanithy et al., 2011).  Moreover, 

when we compared the genes identified as being significantly differentially 

expressed by OS associated miRNAs we found that 21 of these genes were 

also CIS genes, which is more than expected by chance (Jones et al., 2012).  

These genes represent candidate downstream effectors that directly give rise 

to the phenotype of OS development or progression.  Along with miRNA 

profiling we also performed aCGH, SKY, and G banding analyses on SB 

mutagenized and control OSs.  SB accelerated and control tumors harbor 

numerous genomic aberrations, as seen in human OS, with controls having 

significantly more genomic aberrations.  Interestingly, SB induced tumors had 

very few genomic aberrations and whole chromosomal gains or losses 

compared to SB accelerated or control OSs; and in most cases had near 

perfect karyotypes by SKY and aCGH analysis.  This suggests that control 

tumors are driven largely by genomic instability due to Trp53 misregulation, 

whereas transposon insertional mutagenesis can partially substitute for this 

instability in SB accelerated and nearly completely in SB induced OS.  To our 

knowledge, this is the most comprehensive genomic analysis of SB 

mutagenized tumors and clearly demonstrates that SB mutagenesis is in fact 
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replacing other mechanisms of tumor development and progression allowing 

for identification of candidate cancer genes. 

In addition to identifying candidate OS development genes, candidate 

OS metastasis genes were found by analysis of T2/Onc insertion sites in 

metastatic nodules from a subset of animals that developed metastatic OS.  

Analysis of over 100 independent metastatic nodules from the liver and lungs 

of these animals revealed that all metastases in a single animal, whether from 

the liver or lungs, were highly clonally related. This analysis was performed 

using unsupervised hierarchical clustering of T2/Onc integration sites 

identified in the individual metastases.  This was an unexpected result and 

raises the question of whether human OS metastases might be derived from 

a tumor sub clone that has acquired the ability to metastasize. We also 

observed a similar occurrence in previous SB screens for liver and 

medulloblastoma cancer gene identification where metastatic disease was 

present (Keng et al., 2009; Wu et al., 2012).  Thus, OS could be another 

example of a  ‘bi-compartment’ disease consisting of a primary tumor and 

metastatic sub clone that has become dispersed, as has been recently 

described in human medulloblastoma (Wu et al., 2012).  

Further, this phenomenon has also been observed in human 

metastatic renal cell carcinoma using mutations analogous to T2/Onc 

insertion sites in our model of OS (Gerlinger et al., 2012).  It was found that 

perinephric metastases and metastases taken from the chest wall shared an 
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enormous amount of mutations, some of which were exclusive to the 

metastases and some that were also found in the primary tumor.  Intriguingly, 

of the 9 different biopsies collected (region R1-9) across a single primary 

tumor, one particular biopsy (R4) had many more shared mutations with the 

metastases than any other biopsied region.  Further, a missense mutation in 

mTOR was present in all biopsy regions except R4 and this mutation was 

also lacking in all metastases analyzed.   This region likely harbored the 

metastatic sub clone in the primary tumor that gave rise to all metastases, 

whether they were perinephric or chest wall metastases.  This phenomenon 

could have a large impact on the way we think about metastatic disease and 

possibly even the way it is treated in the clinic.  This also lends weight to the 

hypothesis that there are unique genetic changes that must happen in cells of 

the primary tumor for them to acquire metastatic capability (Nguyen et al., 

2009).  Analysis of a large number of metastases with matched primary 

tumors from multiple human OS patients is needed to confirm this 

phenomenon in human OS.  If this phenomenon is found to be consistent with 

human OS, and perhaps other cancers, it may affect the way patients with 

metastatic disease are treated.  Perhaps the primary tumor and metastases 

need to be treated as independent diseases needing separate treatment 

regiments in some instances. 

As a first attempt to validate our candidate OS genes we functionally 

validated 6 CIS genes in vitro in cultured cells demonstrating that they are 

capable of significantly affecting proliferation or growth in soft agar. 
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Considering that 60% of the CIS genes tested (6/10) produced phenotypic 

changes it strongly demonstrates that the candidate genes identified in our 

SB screen are likely to play a role in human OS.  Among these validated 

genes QKI, ERAS, and TCF12 have recently been implicated in other cancers 

but never in OS (Yang et al., 2010; Kubota et al., 2010; Lee et al., 2012).  

ERAS is of especially high interest as it is related to the other RAS family 

members but is constitutively active in its wild type sequence.  It was 

previously reported that ERAS is not expressed in any human tissue due to 

premature poly adenylation signals in the 5’ UTR that results in a premature 

non-coding mRNA (Kameda & Thomson, 2005).  However, it has recently 

been shown that ERAS is expressed in human gastric cancer and promotes 

invasion and metastasis in addition to increased chemotherapy resistance 

(Kubota et al., 2010; Aoyama et al., 2010).  Unfortunately, the false 

conception that ERAS is not expressed in human tissues has prompted its 

exclusion from most commercially available SNP and mRNA microarrays 

(personal observation).  This has further exacerbated its elusiveness to 

validation as a frank oncogene in human cancer.  Interestingly, Eras was 

originally discovered in mouse ES cells and found to be important for 

maintaining growth and tumorigenicity of ES cells (Takahashi et al., 2003).  It 

was reported that Eras interacts with PI3K but not Raf, indicating a primary 

role in PI3K/Akt/mTor signaling.  These findings are very intriguing as we 

identified many candidate OS genes involved in PI3K/Akt/mTor signaling and 

the number one signaling pathway identified by IPA analysis of CIS genes 
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was mouse embryonic stem cell pluripotency.  Further comparative genomics 

studies using non-biased or limiting array technologies, such as RNAseq, on 

large sets of human OS will be needed to assess the extent to which ERAS is 

truly misregulated in human OS.    

We also performed in vivo validation studies using conditional Pten 

knockout alleles on a Trp53R270H  background, which dramatically accelerated 

OS development.  OS development in this genetic background has never 

been reported previously.  Thus, this demonstrates that SB identified OS 

genes can be used to create new GEMMs.  This new mouse model of 

osteosarcomagenesis will likely aid in future studies investigating novel OS 

therapies due to its fast development time (~5 months), the requirement of 

only three transgenes, and genetic similarity to human OS.  Other rapid 

models of OS development that accurately recapitulate human OS require 5 

transgene alleles and cumbersome breeding strategies (Walkley et al. 2008).  

Finally, we performed whole exome re-sequencing of 25 human OS samples 

and found that more than 1/3 of our candidate OS genes harbored mutations 

in at least one sample.  In total, these results demonstrate that SB identified 

candidate OS genes have functional significance in human OS and are 

capable of accelerating osteosarcomagenesis in mice. 

SB mediated transposon mutagenesis has proven to be a potent 

inducer of cancer development in mouse somatic cells and has successfully 

identified unknown cancer genes in numerous types of cancer. Thus, it is 
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apparent that studies of these nature are critical to furthering our 

understanding of cancer development and progression in humans.  The 

candidate OS development and metastasis genes identified in this report will 

likely aid in prioritizing the genes to investigate in human OS samples in 

future functional studies, undoubtedly expediting the development of 

improved OS treatments.   
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Figure 1.  Transgenes and breeding scheme used to induce SB 
mutagenesis in osteoblast precursors.  (a) Transgene architecture of the 
Rosa26-LSL-SB11, T2/Onc, Osx-Cre, and Trp53LSL-R270H/+ alleles.  The 
conditional SB11 and Trp53R270H genes are activated by Cre recombinase 
specifically in Pre-osteoblast progenitor cells by virtue of Cre recombinase 
transcription being driven by the Osterix transcription factor promoter, a 
master regulator of osteoblast differentiation.  T2/Onc is engineered with 
splice acceptors and poly adenylation signals in both orientations for gene 
inactivation and the strong murine stem cell virus (MSCV) 5’ LTR promoter 
followed by a splice donor sequence for over expressing genes. (b) R26-LSL-
SB11 homozygous mice were bred to Trp53LSL-R270H/+ mice to generate doubly 
transgenic mice. Concurrently Osx-Cre mice were breed to T2/Onc mice.  
These doubly transgenic mice were then intercrossed to obtain experimental 
and control animals. (pA: poly adenylation signal; SD, splice donor; SA, splice 
acceptor; L, LoxP) 
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Figure 2.  SB Mutagenesis induces and accelerates OS development.  
(a) OS free survival plot comparing high and low copy T2/Onc quadruple 
transgenic and Trp53LSL-R270H DN triple transgenic control cohorts.  (b) Plot of 
average number of OS per animal between all cohorts and penetrance of OS 
formation in each cohort. (c) Site of development of OS in each cohort, 
presented as percentages.  
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Figure 3. SB mutagenized tumors are frank OSs and undergoing SB 
mutagenesis.  (a) Representative gross image of SB mutagenized OS that 
developed in experimental mice.  (b) Cross section of OS depicting the typical 
production of osteoid deposit throughout the tumors.  (c) Positive Sirius red 
staining of OS tumor indicating the presence of collagen deposits, the major 
constitute of osteoid typically seen in human OS.  (d,e,f)  Photomicrographs 
of hematoxylin-eosin (H&E) staining performed on OS tumors demonstrating 
areas of high cellularity, osteoid deposits, and invasion into surrounding 
tissue.  (g, h) Representative photomicrograph of positive IHC staining for SB 
protein, and appropriate no primary control, performed on SB mutagenized 
OS.  (i) PCR based transposon excision assay demonstrating that 
transposition is occurring in all SB mutagenized OS tumors (225 bp amplicon) 
and absents in background tumors (2.4 kb amplicon).  Appropriate positive 
and negative excision controls are shown.  
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Figure 4.  Functional validation of OS CIS genes in vitro and in vivo.  (a) 
PB/SB-CAG-GOI-GFP-PGK-PURO, gene of interest (GOI) with an internal 
ribosomal entry sequence (IRES) EGFP expressed under the control of the 
strong CMV early enhancer/chicken β-actin (CAG) promoter and the 
Puromycin resistance gene expressed by the phosphoglycerate kinase (PGK) 
promoter.  (b) MTS proliferation results of a subset of CIS genes OE in either 
U2OS or HOS cells. Values are expressed as fold change in proliferation from 
day 1 to day 3, normalized to Luciferase OE control cells.  (c) Soft agar 
colony formation results of a subset of CIS genes OE in either U2OS or HOS 
cells.  Results are normalized to Luciferase OE control cells. (d) Combining 
the CIS gene Pten as a conditional allele with Trp53LSL-R270H/+;Osx-Cre 
significantly decreases OS free survival in mice.  All p-values were calculated 
using standard unpaired t-tests. 
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Figure 5.  aCGH, SKY, G banding, and miRNA profiling of SB 
mutagenized and control OS tumors.  (a) Representative SKY analysis of 
SB induced, SB accelerated, and control OS tumors demonstrating an over-
all increase in disorder as the tumor is driven less by SB mutagenesis and 
more by genomic instability. (b) Average number of chromosomal aberrations 
and whole chromosomal gains or losses identified by aCGH of SB induced 
(n=4), accelerated (n=5), and control (n=4) OS tumors. (c) Hierarchical 
clustering of miRNAs expressed in control and SB induced OS.  Mouse 
miRNAs homologous to those found in the human 14q32 miRNA cluster are 
denoted, demonstrating loss of expression in mouse OS analogous to human 
OS	  (Thayanithy et al., 2011). (d) aCGH results from 3/9 tumors that had 
discrete amplifications of Myc and a single SB induced tumor with a discrete 
loss of Nf1. 
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Figure 6.  SB accelerated OS develop metastases that are clonal in 
nature.  (a) Representative gross images of macroscopic OS metastases in 
the liver and lungs of animals that developed metastatic SB accelerated OS 
and straining to validate metastases as OS derived and undergoing SB 
mutagenesis.  (b) Unsupervised hierarchical clustering analysis of T2/Onc 
insertion sites from primary OS tumors and metastases of 4 animals 
demonstrating the clonality of metastases.  (c) Clustering analysis of an 
animal harboring metastases to the liver and lungs highlighting T2/Onc 
insertion sites that are metastasis specific or shared with the primary tumor. 
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Table 1. Common insertion sites identified from SB accelerated OS 
tumors.  

List of 92 statistically significant CISs identified from the analysis of 96 SB 
accelerated OS tumors that developed in R26-LSL-SB11;T2/Onc;Trp53LSL-

R270H/+  ;Osx-Cre animals with either the high copy or low copy T2/Onc line.  
Statistical significance was determined using a TAPDANCE informatics 
analysis and all genes shown had p values of less than 0.05.  The percent of 
tumors harboring insertions in the CIS are also shown. Some CISs harbor 
more than one gene because it was not obvious which gene might be 
affected by the T2/Onc insertions.  Genes shown in red font are previously 
identified OS genes.   
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Gene % Tumors w/Insertion Gene % Tumors w/Insertion
Nf2 26.04 Cux1 6.25

Pten 23.96 Ankhd1 6.25
Nf1 18.75 Ddx1-Nbas 6.25

Rbm16 18.75 Rnf115 6.25
Top1 14.58 Gpbp1 6.25
Ebf1 14.58 Picalm 6.25
Eras 13.54 Senp6 6.25

Srgap2 13.54 Cd2ap 6.25
Qk 12.50 Mtpn 6.25

Rsf1-Pak1 11.46 Brd1 6.25
Mllt10-Dnajc1 11.46 Eif3j 5.21

Myc 11.46 Vapa 5.21
Prdm5 10.42 Ube3a 5.21
Bicc1 10.42 N4bp2l2-Pds5b 5.21
Zfhx4 10.42 Hsn2 (Wnk1) 5.21
Kdm6a 9.38 Capza1 5.21
Kirrel 9.38 Wac 5.21
Gsk3b 9.38 Aff1 5.21
Mprip 9.38 Raf1 5.21
Sik3 9.38 Dnaja2 5.21
Tlk1 9.38 Cdh11 5.21

Aebp2-Plekha5 9.38 Caprin1 4.17
Brd4 9.38 Fnbp1l-Bcar3 4.17
Rb1 8.33 Eif4e 4.17

Kpna1 8.33 Dnajc19-Fxr1 4.17
Jmjd1c-Reep3 8.33 Tbl1xr1 4.17

Mef2a 8.33 Stard7 4.17
Dlc1 8.33 Ncoa6 4.17
App 8.33 Sp3 4.17

Zfml-Dysf 8.33 Ccny 4.17
Ube2d3 8.33 Arl5a-Cacnb4 4.17
Bmpr1a 7.29 Zfp516 4.17

Itch 7.29 Rab14-Cep110 4.17
PP6R3 (Saps3) 7.29 Csf1r 4.17

Usp9x 7.29 Mapk14 4.17
Ppp3ca 7.29 Zfp160 4.17

Raly 7.29 Hspa13 4.17
Gtdc1-Zeb2 7.29 mmu-mir-15a,mmu-mir-16-1 4.17

Itsn1 7.29 BC016423 4.17
Stag1 7.29 Grb2 4.17
Cnot4 7.29 Med13 4.17
Thada 7.29 Fam114a1-mmu-mir-574 4.17
Tcf12 7.29 Ankrd17 4.17
Nktr 7.29 11-Sep-Ccni 4.17
Xrn2 6.25 Smarcad1 4.17
Atxn2 6.25 Adam10 4.17
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Table 2.  Common insertion sites identified from SB induced OS tumors.  

List of 37 statistically significant CISs identified from the analysis of all SB 
induced tumors that developed in R26-LSL-SB11;T2/Onc;Osx-Cre animals 
with either the high copy or low copy T2/Onc line.  Statistical significance was 
determined using a TAPDANCE analysis and all genes shown had p values 
of less than 0.05.  The percent of tumors harboring insertions in the CIS is 
also shown. Some CISs harbor more than one gene because it was not 
obvious which gene might be affected by the T2/Onc insertions.  Genes 
shown in bold red font are previously identified OS genes. 
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Gene % Tumors w/Insertion
Pten 39.13
Eras 39.13
Nf1 30.43

Ambra1 26.09
Picalm 13.04
Psme4 17.39
Csde1 21.74
Zfhx3 30.43
Smek1 17.39

Gab1-Smarca5 30.43
Zmiz1 17.39

Sema4d 17.39
Lhfp 17.39
Akt2 17.39
Arih1 13.04

Ammecr1 13.04
mmu-mir-15a, 16-1, 1196 17.39

Lrrfip2 17.39
Tlk1 13.04

Fbxo11 13.04
Ss18 13.04

Cd2ap 13.04
Samd4 13.04

App 13.04
Kpnb1 13.04

Ggnbp2 13.04
Snora25 13.04
Sema6d 13.04
Serinc3 17.39

Aff1 13.04
Zfml 13.04

Tnrc6a 13.04
Morf4l1-Ctsh 13.04

Huwe1 13.04
Sh3pxd2a 17.39

Cdh2 17.39
Papola 17.39
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Table 3  Common insertion sites identified from SB accelerated 
metastases.  

List of 10 statistically significant CISs identified from the analysis of all 
metastases that developed in experimental animals. Statistical significance 
was determined using a TAPDANCE analysis and all genes shown had p 
values of less than 0.05.  Percent of animals with an insertion in the CIS was 
used in place of single metastasis because all metastases in a single animal 
were highly clonal.  Some CISs harbor more than one gene because it was 
not obvious which gene might be affected by the T2/Onc insertions.  Genes 
shown in bold red font are previously identified OS genes.  
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Gene % Animals w/Insertion
Pten 50

Srgap2 37.5
Myc 31.25
Nf2 31.25

Orc3l-Akirin2 31.25
Taok1 31.25

Slc44a1 25
Anapc1 25
Asap1 25
Gsk3b 25
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Table 4  Co-occurring CIS 

List of 57 statistically significant co-occurring CIS identified by performing pair 
wise comparisons using a Fisher’s exact test.  Significance was confirmed if 
the CIS pair had a p value of less than 0.05 after Bonferroni correction.  Some 
CISs harbor more than one gene because it was not obvious which gene 
might be affected by the T2/Onc insertions.  Genes shown in red font are 
previously identified candidate OS genes.  
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CIS1 CIS2 BF Corrected p Value
Sik3 Wdr33 3.44E-08

Zmiz1 Nf1 2.64E-07
Zfml Pten 0.0001554
Sik3 Rb1 0.0002275

Top1-Zhx3 Caprin1 0.0006153
Ube3a Rbm16 0.0006236
Grlf1 Rb1 0.0007206

Ankrd17 Rbm16 0.001054
Picalm Zfhx4 0.003281

Top1-Zhx3 Wdr33 0.003625
Caprin1 Rbm16 0.00416

Dlg1 Nf2 0.004561
Sik3 Rbm16 0.005232

Kdm6a Rbm16 0.005232
Picalm Mef2a 0.0062

Ankrd17 Caprin1 0.006228
Mef2a Pten 0.006858

Top1-Zhx3 Qk 0.009368
Mllt10-Dnajc1 Rbm16 0.0133

Kdm6a Mllt10-Dnajc1 0.01341
Ube2d3 Rbm16 0.01358
Wdr33 Rb1 0.01378
Ube2d3 Pten 0.01573

Snd1-Lrrc4 Rbm16 0.01623
Zfml Rbm16 0.0164

Picalm Snd1-Lrrc4 0.01647
Zfhx4 Wdr33 0.01853
Sik3 Qk 0.01873

Picalm Qk 0.01885
Mef2a Zfml 0.0197

Nf2 Jmjd1c 0.01976
Grlf1 Csde1-Nras 0.02086

Mllt10-Dnajc1 Caprin1 0.02257
Wdr33 Qk 0.02289
Picalm Ankrd17 0.02326

Mllt10-Dnajc1 Nf1 0.02412
Rbm16 Kpna1 0.02427

Snd1-Lrrc4 Caprin1 0.02516
Ube3a Caprin1 0.02557

Mllt10-Dnajc1 Jmjd1c 0.02908
Top1-Zhx3 Kpna1 0.03223

Ube3a Snd1-Lrrc4 0.0341
Mllt10-Dnajc1 Top1-Zhx3 0.03551
Csde1-Nras Wdr33 0.03624

Ankrd17 Nf1 0.03631
Zfml Kpna1 0.03732
Qk Jmjd1c 0.03782

Kdm6a Wdr33 0.03901
Ankrd17 Zfhx4 0.03975
Kpna1 Nf2 0.04177

Top1-Zhx3 Pten 0.04178
Zfml Mllt10-Dnajc1 0.04271
Wnk1 Wdr33 0.04511
Nf1 Jmjd1c 0.04671

Rbm16 Jmjd1c 0.04796
Caprin1 Wdr33 0.04888
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Table 5.  Signaling pathways enriched for in CIS genes using an 
Ingenuity Pathway Analysis. 
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Supplementary Table 1. CIS gene overlap with human OS miRNA target 
genes   

List of 21 CIS genes that over-lap with OS miRNA target genes found to be 
differentially expressed comparing OS tumors to normal by Jones et al.  
Genes shown in bold red font are previously identified candidate OS genes.  
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CIS-miRNA target Overlap
Top1 

Tbl1xr1
Stard7

Sema6d
Qk

Pten 
Psme4
Ppp3ca
Nktr 

Mapk14
Lhfp 

Kpnb1
Kpna1
Kirrel
Itsn1

Fbxo11
Eif4e
Csde1

Bmpr1a 
App
Aff1
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Supplementary Table 2 Statistical analysis of comparative genomics 
analysis 
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miRNA study:    A Fisher’s exact test was used to determine the significance 
of over-lap between CIS genes identified in both SB accelerated and SB 
induced OS and genes found to be differentially expressed comparing normal 
bone and OS tumors and predicted targets of the OS oncomirs and tumor 
suppressor miRNAs identified by Jones et al.  The calculation was carried out 
using R programming and the following contingency table: 

 

	  

	  

The fisher’s exact test gave a p value of 6.0E-06, which indicates that the 
overlap is highly significant. 

 

Exome Re-sequencing study:  A Fisher’s exact test was used to determine 
the significance of over-lap between CIS genes and genes found to harbor 
mutations from whole exome re-sequencing of 25 primary human OS tumors.  
Using the Agilent SureSelect 50MB whole exome platform 21,103 genes were 
probed for mutations (Gene number obtained from: Tian et al, 2011).  The 
calculation was carried out using R programming and the following 
contingency table: 

 

 

 

The fisher’s exact test gave a p value of 0.2027 , which indicates that the 
overlap is not significant. 
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Supplementary Table3. List of CIS genes found to harbor mutations in 
human OS samples. 

Exon capture based re-sequencing was performed using the Agilent 
SureSelect 50MB whole exome array on 25 primary human OS samples and 
mutations in CIS genes identified.  
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Gene Sample Chrom REF ALT Effect Class AA.Change Codon.Change

SFXN2 OS_108911 chr10 C T STOP_GAINED NONSENSE Q267* Cag/Tag

PKD1L2 OS_4 chr16 TTC T FRAME_SHIFT NONE . .

PKD1L2 OS_8 chr16 T C NON_SYNONYMOUS_CODINGMISSENSE Q250R cAg/cGg

ANAPC1 OS_13 chr2 C T NON_SYNONYMOUS_CODINGMISSENSE R527Q cGg/cAg

ANAPC1 OS_17 chr2 C T NON_SYNONYMOUS_CODINGMISSENSE R527Q cGg/cAg

ANAPC1 RC12 chr2 C T NON_SYNONYMOUS_CODINGMISSENSE R527Q cGg/cAg

ANAPC1 RC18 chr2 C T NON_SYNONYMOUS_CODINGMISSENSE R527Q cGg/cAg

ANAPC1 RC4 chr2 C T NON_SYNONYMOUS_CODINGMISSENSE R527Q cGg/cAg

CBL OS_3 chr11 C T NON_SYNONYMOUS_CODINGMISSENSE L857F Ctc/Ttc

SEC24D OS_5 chr4 A G NON_SYNONYMOUS_CODINGMISSENSE F515L Ttc/Ctc

SEC24D OS_7 chr4 G A NON_SYNONYMOUS_CODINGMISSENSE T525M aCg/aTg

SMC3 OS_17 chr10 AAT A FRAME_SHIFT NONE . .

PHF21A OS_17 chr11 C CG FRAME_SHIFT NONE . .

PHF21A OS_5 chr11 C CG FRAME_SHIFT NONE . .

PHF21A OS_18 chr11 C CG FRAME_SHIFT NONE . .

PPP2CA OS_108911 chr5 AAG A FRAME_SHIFT NONE . .

PPP2CA OS_6 chr5 AAG A FRAME_SHIFT NONE . .

PPP2CA OS_5 chr5 AAG A FRAME_SHIFT NONE . .

MED13L RC2 chr12 G A NON_SYNONYMOUS_CODINGMISSENSE T1253I aCt/aTt

MED13L OS_17 chr12 T C NON_SYNONYMOUS_CODINGMISSENSE T1290A Act/Gct

PCF11 RC16 chr11 C T NON_SYNONYMOUS_CODINGMISSENSE P885S Cct/Tct

PPP2R3A OS_1 chr3 A C NON_SYNONYMOUS_CODINGMISSENSE Q1145P cAa/cCa

PPP2R3A OS_4 chr3 A C NON_SYNONYMOUS_CODINGMISSENSE Q1145P cAa/cCa

NF1 OS_5 chr17 A G NON_SYNONYMOUS_CODINGMISSENSE I1324V Atc/Gtc

NF1 OS_19 chr17 C T NON_SYNONYMOUS_CODINGMISSENSE T1293I aCc/aTc

FNIP1 OS_5 chr5 C G NON_SYNONYMOUS_CODINGMISSENSE E452Q Gag/Cag

MED13 RC16 chr17 A C NON_SYNONYMOUS_CODINGMISSENSE L245W tTg/tGg

MED13 OS_18 chr17 T A NON_SYNONYMOUS_CODINGMISSENSE T1593S Aca/Tca

RSF1 OS_2 chr11 C T NON_SYNONYMOUS_CODINGMISSENSE D1086N Gat/Aat

RSF1 RC18 chr11 C T NON_SYNONYMOUS_CODINGMISSENSE A255T Gcc/Acc

RSF1 OS9 chr11 C T NON_SYNONYMOUS_CODINGMISSENSE A255T Gcc/Acc

KIRREL RC16 chr1 C A NON_SYNONYMOUS_CODINGMISSENSE R400S Cgc/Agc

MPRIP RC18 chr17 T G NON_SYNONYMOUS_CODINGMISSENSE F467L ttT/ttG

MPRIP OS_7 chr17 T G NON_SYNONYMOUS_CODINGMISSENSE F467L ttT/ttG

MPRIP RC16 chr17 T G NON_SYNONYMOUS_CODINGMISSENSE F467L ttT/ttG

JMJD1C RC4 chr10 T C NON_SYNONYMOUS_CODINGMISSENSE N1124D Aat/Gat

JMJD1C RC16 chr10 C G NON_SYNONYMOUS_CODINGMISSENSE K1243N aaG/aaC

TLK1 OS11 chr2 G A NON_SYNONYMOUS_CODINGMISSENSE R203C Cgc/Tgc

BRD4 OS_2 chr19 A G NON_SYNONYMOUS_CODINGMISSENSE F800L Ttc/Ctc

ZNF638 OS_16 chr2 A G NON_SYNONYMOUS_CODINGMISSENSE N280D Aat/Gat

ZNF638 OS_17 chr2 C T NON_SYNONYMOUS_CODINGMISSENSE A1112V gCa/gTa

DYSF OS_16 chr2 T C NON_SYNONYMOUS_CODINGMISSENSE Y1146H Tac/Cac

DYSF OS_5 chr2 T C NON_SYNONYMOUS_CODINGMISSENSE Y1146H Tac/Cac

DYSF RC16 chr2 G A NON_SYNONYMOUS_CODINGMISSENSE V1504I Gtc/Atc

DYSF RC12 chr2 A G NON_SYNONYMOUS_CODINGMISSENSE K643E Aaa/Gaa

DYSF RC16 chr2 G A NON_SYNONYMOUS_CODINGMISSENSE G748S Ggc/Agc

XRN2 RC16 chr20 G C NON_SYNONYMOUS_CODINGMISSENSE C471S tGc/tCc

ZEB2 OS_8 chr2 C G NON_SYNONYMOUS_CODINGMISSENSE E669Q Gaa/Caa

STAG1 OS_13 chr3 T A NON_SYNONYMOUS_CODINGMISSENSE T16S Act/Tct

STAG1 OS_18 chr3 C G NON_SYNONYMOUS_CODINGMISSENSE E344D gaG/gaC

STAG1 OS_19 chr3 G A NON_SYNONYMOUS_CODINGMISSENSE A18V gCc/gTc

THADA OS_20 chr2 CAGA C CODON_DELETION NONE S1021- tct/-

NBAS OS_13 chr2 G C NON_SYNONYMOUS_CODINGMISSENSE S672C tCc/tGc

NBAS OS_14 chr2 C G NON_SYNONYMOUS_CODINGMISSENSE D146H Gac/Cac

NBAS OS_15 chr2 T TG FRAME_SHIFT NONE . .

NBAS OS_7 chr2 C G NON_SYNONYMOUS_CODINGMISSENSE D146H Gac/Cac

NBAS RC2 chr2 G C NON_SYNONYMOUS_CODINGMISSENSE S672C tCc/tGc

NBAS OS_16 chr2 G C NON_SYNONYMOUS_CODINGMISSENSE S672C tCc/tGc

NBAS OS_16 chr2 T TG FRAME_SHIFT NONE . .

NBAS OS_18 chr2 G C NON_SYNONYMOUS_CODINGMISSENSE S672C tCc/tGc

NBAS OS_19 chr2 C T NON_SYNONYMOUS_CODINGMISSENSE E1499K Gaa/Aaa

NBAS RC2 chr2 C T NON_SYNONYMOUS_CODINGMISSENSE V1562I Gtc/Atc

NBAS OS_16 chr2 T C NON_SYNONYMOUS_CODINGMISSENSE N1063S aAt/aGt

NBAS OS_16 chr2 C T NON_SYNONYMOUS_CODINGMISSENSE E1048K Gaa/Aaa

TCF12 OS_16 chr15 G A SPLICE_SITE_ACCEPTORNONE . .

TCF12 OS_18 chr15 G A SPLICE_SITE_ACCEPTORNONE . .

TCF12 OS_17 chr15 G A SPLICE_SITE_ACCEPTORNONE . .

TCF12 OS_17 chr15 G C NON_SYNONYMOUS_CODINGMISSENSE S126T aGc/aCc

NKTR OS_20 chr3 A G NON_SYNONYMOUS_CODINGMISSENSE K764E Aaa/Gaa

NKTR OS_5 chr3 G C NON_SYNONYMOUS_CODINGMISSENSE G946A gGt/gCt

N4BP2L2 OS_19 chr13 T C NON_SYNONYMOUS_CODINGMISSENSE T30A Aca/Gca

WNK1 OS_108911 chr12 G C NON_SYNONYMOUS_CODINGMISSENSE E797D gaG/gaC

WNK1 OS_16 chr12 G C NON_SYNONYMOUS_CODINGMISSENSE E797D gaG/gaC

WNK1 OS_20 chr12 G C NON_SYNONYMOUS_CODINGMISSENSE E797D gaG/gaC

WNK1 OS_7 chr12 G C NON_SYNONYMOUS_CODINGMISSENSE E797D gaG/gaC

WNK1 OS_3 chr12 A G NON_SYNONYMOUS_CODINGMISSENSE T1177A Acc/Gcc

WNK1 OS_5 chr12 G T NON_SYNONYMOUS_CODINGMISSENSE S181I aGt/aTt

CAPZA1 OS9 chr1 T TA FRAME_SHIFT NONE . .

AFF1 OS_19 chr4 A G NON_SYNONYMOUS_CODINGMISSENSE N12S aAt/aGt

AFF1 RC18 chr4 C T NON_SYNONYMOUS_CODINGMISSENSE P515L cCa/cTa

NCOA6 RC2 chr20 C T NON_SYNONYMOUS_CODINGMISSENSE G1939D gGc/gAc

ZFHX3 OS_108911 chr16 AT A FRAME_SHIFT NONE . .

ZFHX3 OS_18 chr16 AT A FRAME_SHIFT NONE . .

ZFHX3 OS_5 chr16 AT A FRAME_SHIFT NONE . .

ZFHX3 OS_8 chr16 AT A FRAME_SHIFT NONE . .

ZFHX3 OS_17 chr16 AT A FRAME_SHIFT NONE . .

ZFHX3 OS_8 chr16 T C NON_SYNONYMOUS_CODINGMISSENSE Y865C tAc/tGc

ZFHX3 OS_8 chr16 C G NON_SYNONYMOUS_CODINGMISSENSE R1616T aGg/aCg

SMARCA5 OS_3 chr4 C T NON_SYNONYMOUS_CODINGMISSENSE R503C Cgt/Tgt

SMARCA5 OS_1 chr4 C T NON_SYNONYMOUS_CODINGMISSENSE R503C Cgt/Tgt

GAB1 OS12 chr4 T C NON_SYNONYMOUS_CODINGMISSENSE Y156H Tat/Cat

ZMIZ1 OS_1 chr10 A T NON_SYNONYMOUS_CODINGMISSENSE S880C Agt/Tgt

ZMIZ1 OS_4 chr10 A T NON_SYNONYMOUS_CODINGMISSENSE S880C Agt/Tgt

LRRFIP2 OS_14 chr3 T G NON_SYNONYMOUS_CODINGMISSENSE K105Q Aag/Cag

LRRFIP2 OS_16 chr3 T G NON_SYNONYMOUS_CODINGMISSENSE K105Q Aag/Cag

SEMA6D OS_14 chr15 G T NON_SYNONYMOUS_CODINGMISSENSE V175F Gtt/Ttt

SEMA6D OS_20 chr15 G T NON_SYNONYMOUS_CODINGMISSENSE V175F Gtt/Ttt

SEMA6D OS_17 chr15 G T NON_SYNONYMOUS_CODINGMISSENSE V175F Gtt/Ttt

SERINC3 OS_3 chr20 A C NON_SYNONYMOUS_CODINGMISSENSE L152R cTg/cGg

TNRC6A OS_5 chr16 C T NON_SYNONYMOUS_CODINGMISSENSE A177V gCt/gTt
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Gene Sample Chrom REF ALT Effect Class AA.Change Codon.Change

SFXN2 OS_108911 chr10 C T STOP_GAINED NONSENSE Q267* Cag/Tag

PKD1L2 OS_4 chr16 TTC T FRAME_SHIFT NONE . .

PKD1L2 OS_8 chr16 T C NON_SYNONYMOUS_CODINGMISSENSE Q250R cAg/cGg

ANAPC1 OS_13 chr2 C T NON_SYNONYMOUS_CODINGMISSENSE R527Q cGg/cAg

ANAPC1 OS_17 chr2 C T NON_SYNONYMOUS_CODINGMISSENSE R527Q cGg/cAg

ANAPC1 RC12 chr2 C T NON_SYNONYMOUS_CODINGMISSENSE R527Q cGg/cAg

ANAPC1 RC18 chr2 C T NON_SYNONYMOUS_CODINGMISSENSE R527Q cGg/cAg

ANAPC1 RC4 chr2 C T NON_SYNONYMOUS_CODINGMISSENSE R527Q cGg/cAg

CBL OS_3 chr11 C T NON_SYNONYMOUS_CODINGMISSENSE L857F Ctc/Ttc

SEC24D OS_5 chr4 A G NON_SYNONYMOUS_CODINGMISSENSE F515L Ttc/Ctc

SEC24D OS_7 chr4 G A NON_SYNONYMOUS_CODINGMISSENSE T525M aCg/aTg

SMC3 OS_17 chr10 AAT A FRAME_SHIFT NONE . .

PHF21A OS_17 chr11 C CG FRAME_SHIFT NONE . .

PHF21A OS_5 chr11 C CG FRAME_SHIFT NONE . .

PHF21A OS_18 chr11 C CG FRAME_SHIFT NONE . .

PPP2CA OS_108911 chr5 AAG A FRAME_SHIFT NONE . .

PPP2CA OS_6 chr5 AAG A FRAME_SHIFT NONE . .

PPP2CA OS_5 chr5 AAG A FRAME_SHIFT NONE . .

MED13L RC2 chr12 G A NON_SYNONYMOUS_CODINGMISSENSE T1253I aCt/aTt

MED13L OS_17 chr12 T C NON_SYNONYMOUS_CODINGMISSENSE T1290A Act/Gct

PCF11 RC16 chr11 C T NON_SYNONYMOUS_CODINGMISSENSE P885S Cct/Tct

PPP2R3A OS_1 chr3 A C NON_SYNONYMOUS_CODINGMISSENSE Q1145P cAa/cCa

PPP2R3A OS_4 chr3 A C NON_SYNONYMOUS_CODINGMISSENSE Q1145P cAa/cCa

NF1 OS_5 chr17 A G NON_SYNONYMOUS_CODINGMISSENSE I1324V Atc/Gtc

NF1 OS_19 chr17 C T NON_SYNONYMOUS_CODINGMISSENSE T1293I aCc/aTc

FNIP1 OS_5 chr5 C G NON_SYNONYMOUS_CODINGMISSENSE E452Q Gag/Cag

MED13 RC16 chr17 A C NON_SYNONYMOUS_CODINGMISSENSE L245W tTg/tGg

MED13 OS_18 chr17 T A NON_SYNONYMOUS_CODINGMISSENSE T1593S Aca/Tca

RSF1 OS_2 chr11 C T NON_SYNONYMOUS_CODINGMISSENSE D1086N Gat/Aat

RSF1 RC18 chr11 C T NON_SYNONYMOUS_CODINGMISSENSE A255T Gcc/Acc

RSF1 OS9 chr11 C T NON_SYNONYMOUS_CODINGMISSENSE A255T Gcc/Acc

KIRREL RC16 chr1 C A NON_SYNONYMOUS_CODINGMISSENSE R400S Cgc/Agc

MPRIP RC18 chr17 T G NON_SYNONYMOUS_CODINGMISSENSE F467L ttT/ttG

MPRIP OS_7 chr17 T G NON_SYNONYMOUS_CODINGMISSENSE F467L ttT/ttG

MPRIP RC16 chr17 T G NON_SYNONYMOUS_CODINGMISSENSE F467L ttT/ttG

JMJD1C RC4 chr10 T C NON_SYNONYMOUS_CODINGMISSENSE N1124D Aat/Gat

JMJD1C RC16 chr10 C G NON_SYNONYMOUS_CODINGMISSENSE K1243N aaG/aaC

TLK1 OS11 chr2 G A NON_SYNONYMOUS_CODINGMISSENSE R203C Cgc/Tgc

BRD4 OS_2 chr19 A G NON_SYNONYMOUS_CODINGMISSENSE F800L Ttc/Ctc

ZNF638 OS_16 chr2 A G NON_SYNONYMOUS_CODINGMISSENSE N280D Aat/Gat

ZNF638 OS_17 chr2 C T NON_SYNONYMOUS_CODINGMISSENSE A1112V gCa/gTa

DYSF OS_16 chr2 T C NON_SYNONYMOUS_CODINGMISSENSE Y1146H Tac/Cac

DYSF OS_5 chr2 T C NON_SYNONYMOUS_CODINGMISSENSE Y1146H Tac/Cac

DYSF RC16 chr2 G A NON_SYNONYMOUS_CODINGMISSENSE V1504I Gtc/Atc

DYSF RC12 chr2 A G NON_SYNONYMOUS_CODINGMISSENSE K643E Aaa/Gaa

DYSF RC16 chr2 G A NON_SYNONYMOUS_CODINGMISSENSE G748S Ggc/Agc

XRN2 RC16 chr20 G C NON_SYNONYMOUS_CODINGMISSENSE C471S tGc/tCc

ZEB2 OS_8 chr2 C G NON_SYNONYMOUS_CODINGMISSENSE E669Q Gaa/Caa

STAG1 OS_13 chr3 T A NON_SYNONYMOUS_CODINGMISSENSE T16S Act/Tct

STAG1 OS_18 chr3 C G NON_SYNONYMOUS_CODINGMISSENSE E344D gaG/gaC

STAG1 OS_19 chr3 G A NON_SYNONYMOUS_CODINGMISSENSE A18V gCc/gTc

THADA OS_20 chr2 CAGA C CODON_DELETION NONE S1021- tct/-

NBAS OS_13 chr2 G C NON_SYNONYMOUS_CODINGMISSENSE S672C tCc/tGc

NBAS OS_14 chr2 C G NON_SYNONYMOUS_CODINGMISSENSE D146H Gac/Cac

NBAS OS_15 chr2 T TG FRAME_SHIFT NONE . .

NBAS OS_7 chr2 C G NON_SYNONYMOUS_CODINGMISSENSE D146H Gac/Cac

NBAS RC2 chr2 G C NON_SYNONYMOUS_CODINGMISSENSE S672C tCc/tGc

NBAS OS_16 chr2 G C NON_SYNONYMOUS_CODINGMISSENSE S672C tCc/tGc

NBAS OS_16 chr2 T TG FRAME_SHIFT NONE . .

NBAS OS_18 chr2 G C NON_SYNONYMOUS_CODINGMISSENSE S672C tCc/tGc

NBAS OS_19 chr2 C T NON_SYNONYMOUS_CODINGMISSENSE E1499K Gaa/Aaa

NBAS RC2 chr2 C T NON_SYNONYMOUS_CODINGMISSENSE V1562I Gtc/Atc

NBAS OS_16 chr2 T C NON_SYNONYMOUS_CODINGMISSENSE N1063S aAt/aGt

NBAS OS_16 chr2 C T NON_SYNONYMOUS_CODINGMISSENSE E1048K Gaa/Aaa

TCF12 OS_16 chr15 G A SPLICE_SITE_ACCEPTORNONE . .

TCF12 OS_18 chr15 G A SPLICE_SITE_ACCEPTORNONE . .

TCF12 OS_17 chr15 G A SPLICE_SITE_ACCEPTORNONE . .

TCF12 OS_17 chr15 G C NON_SYNONYMOUS_CODINGMISSENSE S126T aGc/aCc

NKTR OS_20 chr3 A G NON_SYNONYMOUS_CODINGMISSENSE K764E Aaa/Gaa

NKTR OS_5 chr3 G C NON_SYNONYMOUS_CODINGMISSENSE G946A gGt/gCt

N4BP2L2 OS_19 chr13 T C NON_SYNONYMOUS_CODINGMISSENSE T30A Aca/Gca

WNK1 OS_108911 chr12 G C NON_SYNONYMOUS_CODINGMISSENSE E797D gaG/gaC

WNK1 OS_16 chr12 G C NON_SYNONYMOUS_CODINGMISSENSE E797D gaG/gaC

WNK1 OS_20 chr12 G C NON_SYNONYMOUS_CODINGMISSENSE E797D gaG/gaC

WNK1 OS_7 chr12 G C NON_SYNONYMOUS_CODINGMISSENSE E797D gaG/gaC

WNK1 OS_3 chr12 A G NON_SYNONYMOUS_CODINGMISSENSE T1177A Acc/Gcc

WNK1 OS_5 chr12 G T NON_SYNONYMOUS_CODINGMISSENSE S181I aGt/aTt

CAPZA1 OS9 chr1 T TA FRAME_SHIFT NONE . .

AFF1 OS_19 chr4 A G NON_SYNONYMOUS_CODINGMISSENSE N12S aAt/aGt

AFF1 RC18 chr4 C T NON_SYNONYMOUS_CODINGMISSENSE P515L cCa/cTa

NCOA6 RC2 chr20 C T NON_SYNONYMOUS_CODINGMISSENSE G1939D gGc/gAc

ZFHX3 OS_108911 chr16 AT A FRAME_SHIFT NONE . .

ZFHX3 OS_18 chr16 AT A FRAME_SHIFT NONE . .

ZFHX3 OS_5 chr16 AT A FRAME_SHIFT NONE . .

ZFHX3 OS_8 chr16 AT A FRAME_SHIFT NONE . .

ZFHX3 OS_17 chr16 AT A FRAME_SHIFT NONE . .

ZFHX3 OS_8 chr16 T C NON_SYNONYMOUS_CODINGMISSENSE Y865C tAc/tGc

ZFHX3 OS_8 chr16 C G NON_SYNONYMOUS_CODINGMISSENSE R1616T aGg/aCg

SMARCA5 OS_3 chr4 C T NON_SYNONYMOUS_CODINGMISSENSE R503C Cgt/Tgt

SMARCA5 OS_1 chr4 C T NON_SYNONYMOUS_CODINGMISSENSE R503C Cgt/Tgt

GAB1 OS12 chr4 T C NON_SYNONYMOUS_CODINGMISSENSE Y156H Tat/Cat

ZMIZ1 OS_1 chr10 A T NON_SYNONYMOUS_CODINGMISSENSE S880C Agt/Tgt

ZMIZ1 OS_4 chr10 A T NON_SYNONYMOUS_CODINGMISSENSE S880C Agt/Tgt

LRRFIP2 OS_14 chr3 T G NON_SYNONYMOUS_CODINGMISSENSE K105Q Aag/Cag

LRRFIP2 OS_16 chr3 T G NON_SYNONYMOUS_CODINGMISSENSE K105Q Aag/Cag

SEMA6D OS_14 chr15 G T NON_SYNONYMOUS_CODINGMISSENSE V175F Gtt/Ttt

SEMA6D OS_20 chr15 G T NON_SYNONYMOUS_CODINGMISSENSE V175F Gtt/Ttt

SEMA6D OS_17 chr15 G T NON_SYNONYMOUS_CODINGMISSENSE V175F Gtt/Ttt

SERINC3 OS_3 chr20 A C NON_SYNONYMOUS_CODINGMISSENSE L152R cTg/cGg

TNRC6A OS_5 chr16 C T NON_SYNONYMOUS_CODINGMISSENSE A177V gCt/gTt
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Studying complex biological processes such as cancer development and cell 

type differentiation or transdifferentiation requires the modulation of multiple 

genes and/or pathways at one time in a single cell.  At present, there are few 

methods available for concurrent multigene modulation in mammalian cells. 

Multigene systems that do exist require custom design for each vector, entail 

complicated cloning strategies, and frequently produce less than optimal 

results. There is also a need for multigene vectors that can be easily 

integrated and removed to allow for clinically applicable, transgene-free cells 

to be generated.  Herein, we describe straightforward methods for rapid and 

efficient construction of multigene cassettes containing up to six 

cDNAs/shRNAs.  We have termed this method RecWay assembly as it 

makes use of both Cre and FLP recombinases and the commercially 

available Gateway cloning system.  These multigene cassettes are 

integratable, and removable, using the Piggybac (PB) DNA transposon 

system.  Assembly of up to 6 cDNAs/shRNAs can be performed in less than 1 

week with nearly 100% efficiency at each step.  We demonstrate that 

multigene PB transposons can stably integrate and faithfully express 5 

fluorescent proteins and the Puromycin-Thymidine kinase resistance gene in 

cultured cells.  In addition, immortalized human cells were targeted for 

simultaneous knockdown and over expression from a single multigene PB 

vector.  Lastly, to model a highly complex biological process a multigene PB 

transposon harboring a defined set of genes was used to model liver cancer 

after in vivo gene transfer.  RecWay assembly of multigene transposon 
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vectors allows for widely applicable modeling of highly complex biological 

processes and can be easily performed by many research labs in a rapid and 

efficient manner.  

INTRODUCTION  

As our understanding of complex biological phenomenon becomes more 

thorough, the amount of engineering needed to model these phenomenon 

becomes more complicated and challenging.  In order to further study and 

model the details of these complex phenomenon the ability to modulate 

multiple genes and/or pathways at one time in a single cell is needed.  For 

instance, the finding that fully differentiated cells, such as skin fibroblasts, can 

be reprogrammed to multipotent induced pluripotent stem cells (iPS) by 

overexpressing 4 genes at one time in a single cell (Oct3/4,	  Sox2,	  Klf4,	  and	  c-‐

Myc) clearly demonstrates the power of modulating multiple genes at one 

time (Takahashi	  et	  al.	  2007).  In addition to this pioneering work in cellular 

reprogramming, other groups have since demonstrated direct 

transdifferentiation of fibroblasts to neuronal cells, cardiomyocytes, and blood 

progenitors (Vierbuchen et al., 2010; Ieda et al., 2010; Szabo et al., 2010).  

Even a phenotype as complex as cancer development, or cellular 

transformation, has been induced by the modulations of many genes in a 

single cell.  This was demonstrated using primary human myoblast cells 

serially transduced with 3 retroviruses each expressing 2 oncogenes or 

dominant negative tumor suppressors (Naini et al., 2008; Linardic et al., 2005; 

Kendall et al., 2005).  Thus, having the ability to modulate many genes in a 
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single cell allows for more accurate modeling and subsequent understanding 

of a wide variety of complex biological phenomenon.  The currently available 

methods for modulating many genes in a single cell are low tech and time 

consuming.  Most experiments use serial addition of each gene of interest 

linked to a different selectable marker in a population of cells (Naini et al., 

2008; Linardic et al., 2005; Kendall et al., 2005).   

The most commonly used methods for transgene delivery in 

mammalian cells are lentiviral/retroviral transduction or stably integrating 

linearized plasmid DNA by random integration.  Integration of plasmid DNA is 

inefficient and frequently produces less then optimal results as partial 

fragments of the entire plasmid may be integrated resulting in a loss of genes 

or regulatory elements in the parental plasmid (Stuchbury & Münch, 2010).  

Although lentiviral/retroviral transduction is highly efficient in many 

mammalian cell types, the limited cargo size (~10-12kb) is restraining for 

multiple gene modulation, as some cDNAs are very large (Guerts et al., 

2003).  Furthermore, when more than one gene is modulated using viruses 

there is typically a single promoter and viral elements such as internal 

ribosomal entrance sequences (IRES), ribosomal skip sequences, or self 

cleaving peptides that are used to co-express genes (De Felipe, 2004; Hellen 

& Sarnow, 2001;	  Szymczak	  et	  al.,	  2005).  These viral elements typically do not 

allow for stoichiometric expression, require very precise cloning procedures to 

produce, are not amenable to very large genes, and can even be repressed in 

some cell types (Kozak, 2005; Merrill et al., 2006).	  
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Ideally, each gene of a multigene vector would be expressed from a 

single promoter to achieve high-level, reliable expression as is seen in 

mammalian cells.  There have been a limited number of reports using this 

strategy to express multiple genes in a single vector.  One of the largest 

hurdles to this strategy is the actual construction of the multigene vector as 

they become very large and repetitive as each promoter-gene-pA element is 

added; making traditional restriction enzyme cloning difficult or impossible.  

The multisite Gateway cloning system has been adapted to produce 4 gene 

vectors of this type using tandem elongation factor-1 alpha (EF1A) promoters 

driving individual genes (Sone et al., 2008).  However, this method of 

assembly is laborious and requires newly engineered plasmids created with 

traditional cloning to incorporate each new gene of interest. 

A more straightforward multigene assembly system, termed MultiLabel, 

uses tandem Cytomegalovirus (CMV) promoters driving individual genes (Kriz 

et al., 2010).  This method utilizes the conditional origin of replication (from 

R6K gamma phage) to combine multiple single promoter-gene-pA containing 

plasmids, harboring different bacterial drug resistance markers and a single 

LoxP site, with an expression plasmid that contains the canonical ColE origin 

of replication using Cre recombination.  This method allows for the 

construction of 5 gene containing multigene vectors.  Though the Gateway 

and MultiLabel methods allow for the assembly of multigene vectors, they 

have only been validated in human cells by transient transfection.  This brings 

up the second major issue with using tandem promoters to express each 
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gene in a multigene vector, namely promoter interference.  It has been 

reported that tandem promoters suffer from promoter interference and that 

this interference increases with the strength of the promoters used (Yahata et 

al., 2005; Proudfoot, 1986).  It has also been clearly demonstrated that gene 

expression analysis using transient transfections can mask promoter 

interference.  Using two tandem EF1A promoters expressing fluorescent 

proteins Yahata et al showed that expression of the downstream gene 

dropped 7 fold and became barley detectable from transient transfection to 

stable integration (Yahata et al., 2005).  Finally, it has been shown that the 

addition of a tandem copy of the	  chicken	  beta-‐globin insulator (cHS4) 

alleviates promoter interference substantially when placed between two stably 

integrated tandem EF1A promoters (Yahata et al., 2007). 

Due to the limitations of the aforementioned methods we developed a 

system to quickly assemble multigene cassettes in which each cDNA/shRNA 

is under the control of a single ubiquitous promoter with a single poly 

adenylation signal.  Further, we have engineered our vectors with and without 

tandem copies of the cHS4 insulator between each promoter-gene-pA 

element to assess and eliminate potential promoter interference in our 

multigene expression system.  This method, which we have termed RecWay 

assembly, utilizes both Cre and FLP recombinases and the Gateway cloning 

technology removing the need for any traditional restriction enzyme based 

cloning.  Additionally, we utilized the PiggyBac (PB) DNA transposon system 

to deliver these multigene cassettes in an efficient and dependable fashion 
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with cargo of up to 100 kb (Li et al., 2011).  Herein, we describe methods for 

assembly of transposon integratable multigene vectors using RecWay 

assembly.  We validate the system utilizing a six-gene vector containing 5 

unique fluorescent proteins in addition to the Puromycin-Thymidine Kinase 

fusion (Puro/TK) in human cells by both transient and stable expression.  In 

addition, we validate dual knockdown / over expression vectors in vitro and a 

four gene vector capable of modeling cancer development in mice after in 

vivo gene transfer.  RecWay assembly combined with PB transposon delivery 

will allow for expedited development of multigene vectors and efficient 

delivery for experiments requiring stable and reversible over expression or 

knockdown of multiple genes in a single cell. 

MATERIALS AND METHODS 

Cell Culture and Transfections 

U2OS cells were maintained in McCoy’s 5A media (Invitrogen) supplemented 

with 10% FBS and 1% Penicillin/Streptomycin.  Normal immortalized human 

schwann cells (iHSCs) and HEK293T cells were maintained in DMEM media 

(Cellgro) supplemented with 10% FBS and 1% Penicillin/Streptomycin.  All 

cells were grown at 37ºC with 5% CO2.  U2OS and iHSC Cells were 

electroporated using the NEON electroporation system (Invitrogen), following 

manufacturers protocols.  Briefly, 0.5 million cells were resuspended in 100 

µL of R buffer and 2 µg of transposon and 2 µg transposase added.  Cells 

were then loaded into 100 µL electroporation tips and electroporated using 

previously reported parameters (Invitrogen).  HEK293T cells were lipofected 
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using X-tremeGENE HP DNA Transfection Reagent (Roche).  Cells were 

plated 1 day before transfection in 6-well plates so that they were 80-90% 

confluent at time of transfection.  Two micrograms of plasmid DNA was mixed 

with 3 µL of Lipofection reagent (2:3 ratio) in 100 µL of Opti-MEM serum free 

media (Invitrogen) and allowed to incubate for 15 minutes and added to the 

media in a drop-wise fashion.  Cells were allowed to incubate with the 

transfection reagent for 48 hours before fluorescent imaging. 

Microscopy and Fluorescence imaging 

Cells expressing fluorescent proteins were imaged using the Olympus IX70 

Inverted Microscope (Arcturus) equipped with a ProgRes C12 Plus camera at 

the University of Minnesota imaging center.  Images were taken using the 

ProgRes Capture Pro v2.8.8 software package (Jenoptik Optical Systems).  

Images were processed with Photoshop.  Filters used included, DAPI 

(BP330-385/BA420), CFP (440DF21/500RDF25), YFP (480DF30/545RDF 

35), Rhodamine (525RDF45/545EFLP), and Texas Red  (D560/40 D630/60 

M). 

RNA extraction and Q-RT-PCR 

RNA was extracted from cell culture pellets using the RNA mini-prep kit 

(Invitrogen), following manufacturers instructions.  RNA was reverse 

transcribed into cDNA using the superscript III reverse transcriptase kit 

(Invitrogen), following manufacturers instructions.  Quantitative RT-PCR was 

performed using FastStart Universal SYBR Green Master (Rox) mix (Roche) 
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using the Eppendorf Realplex2 Mastercycler.  Primer sequences used for 

TP53 and EGFR RT-PCR were: TP53 RT For- 

GCTCGACGCTAGGATCTGAC; TP53 RT Rev- CAGGTAGCTGCTGGGCTC; 

EGFR RT For- TTCCAAATTCCCAAGGACC; EGFR RT Rev- 

GGGCTCTGGAGGAAAAGAAA. 

Mice 

Hydrodynamic injections for in vivo gene delivery to the liver were performed 

as previously described (Wangensteen et al., 2008; Keng et al., 2009).  Fah-/- 

mice were maintained with 7.5 µg/ml 2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-

cyclohexanedione (NTBC) drinking-water and replaced with normal drinking 

water after hydrodynamic injection of Fah cDNA expressing PB transposon.  

Luciferase imaging was performed 2 weeks post injection and performed as 

previously described (Belur et al., 2007). 

Vectors Construction and LR Clonase Reactions 

Plasmids containing the ccdb gene were maintained in One Shot® ccdB 

Survival™ 2 T1R bacteria (Invitrogen).  All restriction enzymes used in this 

study were purchased from New England BioLabs.  All pENTR1 vectors were 

derived originally from pENTR221-GUS (Invitrogen).  The pENTR2 vector 

was constructed using attL4 and attL3 and the DEST2 cassette was 

constructed using attR4 and attR3.  These alternative att sites are from the 

Gateway multi fragment assembly kit and were taken from the Tol2 kit (Kwan 

et al., 2007).  Breifly, p3E-EGFP-pA was digested with MfeI and SspI to 

produce a fragment containing attL3 and part of the Kanamycin resistance 
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gene, which was then cloned into p5E-MCS at MfeI and SspI sites flanking 

the attR1 and the same fragment of the Kanamycin coding sequence, 

repairing the Kanamycin resistance gene, to produce pENTR2 (Kan).  The 

Tetracycline resistance gene was then cloned into pENTR2 (Kan) from 

pBR322 (Invitrogen) using blunted BamHI sites flanking the Tetracycline gene 

into blunted EcoRI and AvaI sites in pENTR2 (Kan) to create pENTR2 

(Kan/Tet).  The Kanamycin resistance gene was then removed by BspHI 

digestion and self-ligation of the plasmid, as BspHI sites flanked the 

Kanamycin gene, to create pENTR2.  The DEST2 cassette was generated by 

replacing the Chloramphenicol resistance gene of pDEST-TOL2-CG2 

(contains attR4-attR3) with the Tetracycline resistance gene from pBR322.  

The Tetracycline resistance gene was cut out of pBR322 with BamHI and 

blunted, this fragment was then cloned in place of Chloramphenicol by 

blunting EcoRI and AvaI digested pDEST-TOL2-CG2.  The DEST2 cassette 

was then removed using blunted KpnI and SfiI sites and cloned into R26 (-) 

Shuttle at a blunted NheI site. 

RecWay Shuttle vectors were assembled from a multistep cloning 

procedure starting with R26 (-) Shuttle plasmid.  Briefly, shuttle-Dual-EF1A-

DEST1/2 (Kan) was constructed by first PCR amplifying EF1A-DEST1 from 

pKO-EF-1A-DEST1 with flanking EcoRV sites engineered in the PCR primers 

and cloned into the EcoRV site of R26 (-) Shuttle to produce Shuttle-EF1A-

DEST1 (Kan).  EF1A-DEST2-pA was PCR amplified from R26 (-) Shuttle-

EF1A-DEST2 with Sbf1 and NsiI sites engineered into the PCR primers and 
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cloned into the SbfI site of Shuttle-EF1A-DEST1 (Kan) to produce Shuttle-

Dual-Ef1A-DEST1/2 (Kan).  Shuttle-Dual-EF1A-DEST1/2 (Cm) and Shuttle-

Dual-Ef1A-DEST1/2 (Spn) were cloned using the same method as Shuttle-

Dual-Ef1A-DEST1/2 (Kan) but started with the R26 (-) Shuttle-FRT3-Cm or 

R26 (-) Shuttle-FRT14-Spn, respectively.  Shuttle vectors containing the 

tandem cHS4 insulators were constructed using NsiI flanked cHS4 from PCR-

II-TOPO-cHS4 cloned into the SbfI site of all three dual shuttle vectors.  The 

second cHS4 insulator was cloned into a single ZraI site of the (Kan) and 

(Spn) dual shuttle vectors using SspI and HincII flanking cHS4 from the 

pTraffic vector.  PB/SB-Dual-Ef1A-DEST1/2 (Kan) and all other dual 

expression transposon vectors were constructed using the flanking I-SceI 

sites of Shuttle-Dual-Ef1A-DEST1/2 (Kan) cloned into a single I-SceI site of 

PB/SB-I-SceI transposon vectors. 

MTS Proliferation Assay 

Cells were trypsinized using 0.25% Trypsin/2.21mM EDTA (Cellgro) and 

quantified using the Countess cell counter (Invitrogen); 1,200 cells were 

plated per well in triplicate on 96-well plates.  Twenty-four hours after plating 

20 µL of a 1:20 mixture of phenazine methosulfate:3-(4,5-dimethylthiazol-2-

yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (PMS:MTS) 

was added to each well and allowed to incubate for 2.5 hours.  Absorbencies 

at 490nm and 650nm were read using the BioTek SynergyMx fluorescence 

plate reader.  Data was analyzed using Microsoft Excel.   
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Immunohistochemistry and H&E Staining 

H & E and Immunohistochemistry performed on liver tumors from 

hydrodynamic injections were carried out using standard techniques, as 

previously described (Keng et al., 2009). 

 Cre Recombinase Retrofitting 

In order to perform retrofitting 10 µg of shuttle vector was cut with 20 untis of 

I-SceI (New England BioLabs) at 37°C for 2 hours in a total volume of 400 µL 

followed by heat inactivation at 65°C for 20 minutes.  Forty-four microliters of 

10X T4 ligation buffer and 4 µL of T4 ligase (New England BioLabs) was then 

added and incubated at 16°C for 1 hour.  Self-ligated shuttle vector was then 

purified using QIAquick PCR Purification Kit (Qiagen), following the 

manufacturers protocol.  Cre mediated retrofitting was performed using 100 

ng of self-ligated shuttle vector and 100 ng of expression vector in a 20 µL 

reaction using 1 Unit of Cre recombinase (New England BioLabs) and 

incubated at 37°C for 1 hour.  Ten microliters of the Cre reaction was then 

transformed into TOP 10 bacteria (Invitrogen), following the manufacturers 

protocol. 

 

 

 

FLP Recombination 

For removal of FRT flanked Kanamycin, Chloramphenicol, and Spectinomycin 

cassettes plasmids were transformed into Arabinose induced FLP 
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recombinase expressing bacteria (EL250), as previously described (Liu et al., 

2003). 

RESULTS  

Efficient dual LR Clonase reaction to produce dual cDNA/shRNA 

cassettes 

In order to facilitate the generation of multigene cassette of up to 6 cDNAs/ 

shRNAs we first developed a recombination-based method of generating dual 

gene cassettes.  We reasoned that using dual vectors instead of single 

vectors for downstream assembly would result in expedited assembly of 

multigene vectors.  Further, this allows for single step generation of two gene 

vectors, a method that is not currently available.  As the lambda phage 

recombinase has been well studied and already shown to provide extremely 

high fidelity recombination of cDNAs, we utilized the commercially available 

Gateway cloning system based on lambda phage recombinase (Hartley et al., 

2000).  Gateway cloning typically consists of a single cDNA in an entry vector 

(pENTR) being shuttled into a single destination expression vector (DEST) in 

place of the ccdb bacterial suicide gene (Figure1a) (Bernard et al., 1993).  

This reaction is carried out using a mix of purified Integrase (Int), Integration 

Host Factor (IHF) and Excisionase (Xis) enzymes at room temperature in 1 

hour with >99% efficiency.  The recombination is initiated between a flanking 

pair of attL sites and attR sites of the entry and destination vector, 

respectively.  The result of the LR Clonase reaction produces a larger pair of 
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attP sites flanking the suicide gene and a smaller inert pair of attB sites 

flanking the gene of interest (Figure 1a).  In addition to the ease of use and 

high efficiency of Gateway cloning, we also chose this system because there 

are over 36,000 human and 17,500 mouse cDNAs commercially available in 

Gateway ready entry vectors (available through Invitrogen and Geneacopia).  

If an entry vector with the gene of interest is not available, an entry vector can 

be created by PCR amplifying the gene of interest with attB sites engineered 

into the primers and BP Clonase reaction performed (Figure 1b).  

Furthermore, not only genes can be used in entry vectors, shRNAs are also 

compatible with Gateway entry vectors and the multigene cassette vectors 

described herein.  

In order to allow for the recombination of two genes into a single 

plasmid in one reaction to create dual cDNA/shRNA plasmids we utilized 

another set of independently functioning attL and attR pairs to a create a 

second entry and destination vector, respectively (Figure 2a) (Kwan et al., 

2007).  In order to validate the independent functionality of the two Gateway 

cassettes in a single reaction we constructed a plasmid with tandem DEST 

expression cassettes (DEST1 and DEST2) and performed a dual LR Clonase 

reaction using mYFP and mKATE in pENTR1 and pENTR2, respectively 

(Figure 2a).  The dual LR clonase reaction was found to be functional with 

50% (4/8) of the colonies screened having perfect recombination of each 

gene into its respective expression cassette (Figure 2b).  We hypothesized 

that the low efficiency was due to mis-recombination between the attL and 
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attR sequences in the two DESTs.  Thus, we inserted a Kanamycin 

resistance gene between the two DEST cassettes, and plated transformants 

on AmpR/KanR plates, to negatively select against mis-recombination clones 

(Figure 2c).  We found that this was a robust method to increase efficiency of 

the dual clonase reaction.  From 41 independent dual clonase reactions, 

using entry vectors with cDNA/shRNAs varying from 0.2-5 kb in size the dual 

clonase efficiency with the Kanamycin resistance gene was  >98% (Table 1).  

Further, we flanked the Kanamycin resistance marker with FRT sites to allow 

for removal of the bacterial sequences if desired.  These results demonstrate 

that the dual clonase reaction of two independent cDNA/shRNAs containing 

entry vectors into a single dual destination vector is highly efficient using the 

particular attL/attR sites and vector configuration of the RecWay system.  

To further simply the dual Clonase system we sought to design a 

transfer system to move genes in pENTR1 vectors into pENTR2 vectors via 

an LR Clonase reaction.  We inserted the DEST1 cassette in between the 

attL sites of pENTR2 (Figure 2d).  The Kanamycin gene in pENTR2 was also 

replaced with the Tertracycline resistance gene to allow for antibiotic selection 

of the resultant pENTR2 vector.  The entry vector transfer system was found 

to be very robust with an efficiency of >96% and all correct clones having 

perfect recombination events upon sequencing (Table 2).  This method 

removes the need for PCR amplification and subsequent sequence 

conformation if a BP clonase reaction or traditional cloning were used and 

allows for simple transfer of numerous cDNA/shRNAs into pENTR2 in a rapid 
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fashion; allowing for subsequent construction of large amounts of dual 

expression vectors.  For instance, if one wanted to screen a pool of 100 

cDNAs for pairs of genes that cooperate to induce a phenotype of interest, 

the cDNAs in pENTR1 could be easily shuttled to pENTR2 in a single day.  In 

addition to simply transferring a cDNA from pENTR1 to pENTR2 we have 

developed numerous pENTR2 vectors with IRES-markers, such as 

Puromycin, EGFP, and luciferase, to expand the versatility of the system 

(Figure 2e).   

Efficient assembly of  dual cDNA/shRNA cassettes to form multigene 
cassettes  
 
In order to produce multigene cassettes of four or six cDNAs/shRNAs we 

implemented the widely used Cre-Lox recombination system.  Typically LoxP 

sites are utilized to remove a sequence flanked by LoxP site, however Cre 

recombination can also be used to combine two circular plasmids that each 

contain a LoxP site or integrate a LoxP containing plasmid into a genomic 

region containing a LoxP site (Reviewed in Turan et al., 2011).  This methods 

has been used previously to incorporate a LoxP containing plasmid into a 

BAC containing a single LoxP site, this method was termed BAC Retrofitting 

(Kim et al., 1998).  Here, we have adapted this technique to combine multiple 

dual cDNA/shRNA vectors to create multigene vectors. 

To this end, we developed two dual expression ‘shuttle’ vectors to 

allow for Cre recombinase mediated retrofitting with a final dual  expression 

vector (Figure 3a). In order to allow for reproducible and specific retrofitting of 
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two dual expression shuttle plasmids into the final expression vector we 

employed the wild type LoxP and the independently functioning Lox2722 

mutant site (Lee and Saito, 1998).  The final expression vector therefore 

contains both LoxP and Lox2722 sites, while the two dual DEST shuttle 

vectors contain either LoxP or Lox2722. Correctly retrofitted clones are 

selected for by virtue of the Chloramphenicol (CmR) and Spectinomycin 

(SpecR) resistance genes in the dual DEST shuttle vectors.  To allow for 

plasmid replication and maintenance in E. Coli the final expression plasmid 

can only contain a single origin of replication, so the origin of replication in the 

shuttle vectors must be removed prior to retrofitting.  The origins of replication 

of the dual cDNA/shRNA shuttle vectors are removed by I-SceI homing 

endonuclease digestion and self-ligation (Figure 3a).  With the origins of 

replication of the dual cDNA/shRNA shuttle vectors removed, the 2 shuttle 

vectors can be combined with the final expression vector using Cre mediated 

retrofitting (Figure 3a).  We found that retrofitting of 2 vectors using this 

method was extremely efficient with >92% clones analyzed found to be 

correct by restriction enzyme analysis (Table 3).  We have also used this 

methodology to combine 3 vectors in a single retrofitting reaction (n=1).  Once 

the final multigene expression vector is assembled all of the bacterial drug 

resistant genes, except the Ampicillin (AmpR) resistance in the plasmid 

backbone, can be removed by transformation into FLP recombinase 

expressing bacteria as the resistance markers are flanked by independently 

functioning FRT sites (Figure 3a) (Turan et al., 2011).  The entire process of 
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RecWay assembly of six cDNA/shRNA vectors takes less than 1 week and 

can be performed by anyone with basic molecular biology training. 

Multigene expression by transient transfection 

In order to validate that RecWay assembled multigene vectors express all 

genes in the vector we designed multigene vectors to express multiple 

fluorescent proteins that can be observed by simple fluorescence microscopy.  

We also included the Puromycin-TK selection marker and assembled the 

vectors in dual Piggybac / Sleeping beauty (SB) transposon vectors for later 

analysis using stable integration.  Thus, we assembled 3 color 

(mYFP/AmCyan/mKate) and 5 color 

(mYFP/AmCyan/eBFP2/mOrange2/mKate) vectors both with and without 

cHS4 insulators using RecWay assembly and transiently transfected them 

into HEK293T cells for expression analysis (Figure 4a).  Single color vectors 

were also assembled and transiently transfected to assess the amount of 

spectral overlap of the fluorescent proteins used in our multigene vectors, 

which we found to be acceptable for these initial studies (Supplementary 

Figure 1).  Two days after transfection cells were imaged and it was found 

that all fluorescent proteins were expressed as expected with all vectors 

tested (Figure 4b).  Interestingly, AmCyan was seemingly expressed at lower 

levels in vectors lacking cHS4 insulators and was by far the dimmest 

fluorescent protein used.  These findings demonstrate that multigene vectors 
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generated by RecWay assembly express all genes appropriately, regardless 

of insulator use, in a transient transfection setting.   

Multigene expression by stable transposon integration 

The use of multigene cassette vectors to model complex biological processes 

is in part limited by the ability to stably integrate the large vector in tact into 

mammalian cells. The ideal method of vector integration should be highly 

efficient, reversible, and not constrained by vector size.  Making stable cell 

lines via integration of linearized plasmid is inefficient and the resultant clones 

may only contain fragments of the original vector with the intact drug 

resistance marker (Stuchbury & Münch, 2010).  In addition, clones produced 

using this method are fixed in the sense that the vector cannot be removed.  

One reversible method that has been described previously utilizes the Cre or 

Flp recombinase systems to perform recombinase mediated cassette 

integration (RMCI) (Turan et al., 2011).  Although reversible, this approach 

requires a pre-engineered recombination site in the cellular genome and its 

efficiency is typically reduced as the size of the vector increases.  One 

technology that has all of the desired attributes for vector integration are DNA 

based transposons.  One DNA transposon system in particular has been 

shown to be highly active in mammalian cells and capable of mobilizing large 

vectors of over 100kb in a reversible fashion, namely the PB DNA transposon 

system (Wilson et al., 2007; Li et a., 2011).  We designed our multigene 

cassettes to be flanked by the PB inverted terminal repeats (ITRs) to allow for 
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integration via transposon transposition into mammalian cells.  Further, the 

PB system was chosen because it leaves no footprint upon excision from the 

host genome, allowing for seamless transgene removal if desired.  We also 

included the SB DNA transposon system inverted repeat / direct repeat 

(IR/DRs) for added versatility.   

To test the ability of PB to generate stable cell lines harboring 

multigene transposon cassettes, we assembled vectors containing 1, 3, or 5 

fluorescent protein genes and the Puromycin/TK fusion gene to allow for drug 

selection of cells containing the transposon vector (Figure 5a).  As cHS4 

insulated vectors are substantially larger than uninsulated vectors we chose 

to use insulated vectors to test PBs capability of mobilizing very large 

multigene transposons.  We were able to obtain stable lines using U2OS cells 

with all vectors tested.  The stable cell lines were Puromycin resistant and 

expressed the appropriate fluorescent proteins (Figure 4b).  AmCyan 

expression was barely visible at the standard 600 ms exposure used, 

although AmCyan expression was seen at much higher exposure times (6000 

ms).  This observation is likely because AmCyan was the dimmest fluorescent 

proteins used in this study.  These results demonstrate that PB is capable of 

efficiently integrating multigene transposons, even with the largest transposon 

tested (29.5 kb), and that all genes are appropriately expressed.   

Validation of a dual over expression / knockdown transposon vector 
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In order to validate our multigene expression transposon vector further, we 

developed a dual EGFR over expression and TP53 shRNA knockdown vector 

(Figure 6a).  We chose this combination to validate cooperation of Trp53 loss 

and EGFR over expression in normal immortalized human Schwann cells 

(iHSC) that we previously identified in a mouse model of MPNST 

development (Rahrmann et al., in preparation).  Transposon vectors 

containing the Puromycin selection markers were assembled that express 

either EGFR alone, shTP53 alone, or both EGFR and shTP53 and stably 

integrated them into iHSCs using PB7 transposase (Figure 6b).  Previously 

generated iHSCs expressing Luciferase and EGFP were used as controls 

(Rahrmann et al., in preperation).  Q-RT-PCR was used to assess the over 

expression of EGFR and knockdown of TP53 using the single vectors 

compared with the dual vector.  We found that the dual transposon vector 

produced nearly identical TP53 knockdown and EGFR over expression levels 

compared to the single transgene vectors (Figure 6c).  We then functionally 

validated our previously identified cooperation between EGFR over 

expression and TP53 loss by MTS proliferation assay using our cell lines.  We 

found that EGFR over expression with TP53 KD increased proliferation over 

either alone (Figure 6d). These results demonstrate that the RecWay 

assembled dual EF1A expression vectors are operative for simultaneous 

knock down and over expression in mammalian cells.      

Modeling cancer development in mice using multigene transposon 
vectors  
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To demonstrate that RecWay assembled multigene vectors can be used to 

model the complex biological process of cancer development we generated a 

multigene PB transposon vector to model hepatocellular carcinoma.  The 

multigene vector contained activated NRASG12V, shTrpP53-EGFP, 

fumarylacetoacetate hydrolase (Fah), and Luciferase.  The Fah gene was 

included to utilize the previously described hydrodynamic liver injection and 

selection method for liver cancer development (Wangensteen et al., 2008; 

Keng et al., 2009).  Fah-/- mice are viable when maintained on 2-(2-nitro-4-

trifluoromethylbenzoyl)-1,3-cyclohexanedione (NTBC) containing drinking 

water, or if they receive a Fah cDNA via somatic cell gene transfer.  Nine Fah-

/- animals received hydrodynamic injections of the multigene transposon 

vector along with PB7 transposase plasmid (Figure 7a).  Luciferase 

expression was detected in 7/9 animals 14 days after injection (Figure 7b).  

Tumor development was observed in all animals that survived hydrodynamic 

injections and liver repopulation (5/9) with an average latency of only 45.5 

days. 

Analysis of tumor bearing livers by H&E demonstrated hyperplastic 

nodules in all samples analyzed.  Further, we performed IHC for Fah and 

NRASG12V and found both genes to be expressing in the hyperplastic nodules 

but not in the surrounding normal tissue (Figure 7c).  Ki-67 staining also 

demonstrated high levels of cell proliferation in the nodules (Figure 7c).  

These results demonstrate that multigene transposon vectors are capable of 
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inducing tumor formation in vivo after somatic gene transfer in mice using the 

Fah model.   

DISCUSSION  

We report the development of RecWay assembly, a recombinase-based 

system to quickly and easily produce multigene cassettes capable of over 

expressing or knocking down up to 6 genes in a single cell.   Multigene 

vectors of enormous size can be stably integrated into the genome using the 

Piggybac transposon system in vitro and in vivo (Li et al., 2011).  The advent 

of a dual clonase reaction into a single expression plasmid and a modified 

Cre mediated retrofitting method makes the assembly of multigene vectors 

nearly 100% efficient at every step of construction.  These vectors can be 

produced using no traditional restriction enzyme based cloning.  Even labs 

with minimal molecular biology experience can utilize this system. This is also 

the first report of a multigene cassette platform that demonstrates not only 

cDNA overexpression but also faithful shRNA knockdown of endogenous 

genes, further expanding the possible applications beyond genes where 

validated dominant negative proteins have been established.  Validated 

shRNA can be adapted to this system by simple PCR and BP Clonase 

reaction to produce shRNA entry vectors.  We have successfully implemented 

this system to model cancer development in mice after in vivo gene transfer 

to the liver.  Successful implementation and functional validation of a dual 

vector over expressing EGFR and knocking down TP53 by shRNA in iHSCs 
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demonstrates that dual expression vectors are functional and robust in vitro 

as well.  

Although other multigene expression systems have been reported, our 

system is by far the most straightforward and thoroughly validated (Kriz et al., 

2010; Sone et al., 2008).  The development of a highly efficient dual LR 

Clonase reaction considerably simplifies multigene vector construction 

compared to other Gateway cloning systems for multigene construction that 

rely on complicated assembly methods that use both LR and BP clonase 

reactions for vector construction.  For Instance, the methods described by 

Sone et al. require 7 independent clonase reactions with tailored entry vectors 

to produce a 4 gene vector whereas RecWay assembly takes 2 clonase and 

1 Cre reaction using simple cDNA/shRNA entry vectors to produce 4 gene 

vectors (Sone et al., 2008).   

Further, nearly all other multigene systems have been validated by 

transient transfection and analysis by fluorescent protein expression or 

western blot analysis shortly after transfection (Kriz et al., 2010; Sone et al., 

2008).  These systems have not performed the necessary expression 

analysis after stable integration of the multigene cassette in human cells.  

Stable integration is critical for modeling cancer development or cellular 

transdifferentiation as transgene expression must be maintained for long 

periods of time that cannot be attained by simple transient transfection.  

Importantly, validation by transient transfection completely masks the issue of 
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promoter interference (Yahata et al., 2005).  It has been previously reported 

that promoter interference in the context of multigene vectors can be a major 

problem (Yahata et al., 2007; Proudfoot, 1986).  However, our system 

overcomes the potential issue of promoter interference by the inclusion of 2 

tandem copies of the cHS4 insulator between each promoter-gene-pA 

element.   

We constructed and validated 2, 4, and 6-gene vectors using this 

insulated design to express fluorescent proteins and the Puromycin-TK 

selection marker.  All fluorescent proteins were expressed at comparable 

levels relative to each other with the exception of AmCyan, which was also 

dim upon transient transfection.  Future experiments comparing stably 

integrated analogous vectors without cHS4 insulators should be performed to 

assess the amount and mechanism of promoter interference in the RecWay 

system.  These studies should also use Q RT-PCR to analyze the expression 

of each gene to quantify our fluorescence microscopy results.  Although the 

use of cHS4 insulators adds a considerable amount of size to the multigene 

cassette vectors it is well within the capabilities of the recombinases used to 

construct the vectors and Piggybac’s ability to faithfully transpose them into 

the genome.  

The use of the Piggybac transposon system to deliver assembled 

multigene cassettes provides many advantages over other systems that rely 

on random integration of linearized plasmid DNA.  Faithful and reversible 
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integration of intact multigene cassettes of up to 100kb allows for seemingly 

limitless applications in cellular engineering for novel cell based therapies or 

to more accurately model human disease.  The development and validation of 

RecWay assembled Piggybac integratable multigene vectors allows for 

simplification of experiments that require the modulation of many genes in a 

single cell.  
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Figure 1.  Gateway cloning. (a) LR Clonase reaction to transfer cDNAs of 

interest from a entry vector to a destination expression vector.  (b) BP 

Clonase reaction used to create entry vectors from PCR amplified cDNAs 

with attB sites engineered in primers. 
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Figure 2.  Efficient dual LR Clonase reaction into a single vector 

containing 2 destination cassettes. (a) pENTR1-mYFP and pENTR2-

mKate were combined with PB/SB-Dual-EF1A-DEST1/2 and dual clonase 

reaction performed.  (b) Restriction enzyme analysis of 8 bacterial clones 

transfected with the resultant dual LR clonase reaction.  Correct clones are 

indicated with a (+) and incorrect clones with a (-).  (c)  cDNA transferring 

from pENTR1 to pENTR2 using the LR Clonase reaction. 
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Figure 3. Assembly of six-gene vectors using RecWay assembly.  (a) 

The different dual clonase reactions are performed using two shuttle vectors 

and a single transposon final expression vector.  I-SceI digestion and self-

ligation of shuttle vectors containing the cDNAs/shRNAs of interest is 

performed followed by retrofitting via Cre recombination of all 3 dual vectors.  

Once assembled, vectors can be transformed into FLP recombinase 

expressing bacteria to remove the KanR, CmR, and SpecR markers flanked by 

unique FRT sites.  (b) Seven day timeline for the assembly of six-gene 

vectors. 
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Figure 4.  Transient transfection of multigene vectors in HEK 293T cell 

(a) Diagram of vectors containing 1, 3, or 5 fluorescent proteins along with the 

Puromycin-TK fusion. An (i) in the vector name indicated the presence of a 

tandem copy of the cHS4 insulator. (b) Fluorescent photomicrographs of cells 

transiently transfected with multigene vectors.   
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Figure 5.  Expression of 2, 4, or 6 genes from a single transposon vector 

stably integrated in mammalian cells.  (a) Diagram of 2, 4, and 6 gene 

transposon vectors expressing 1,3, or 5 fluorescent proteins. (b) Fluorescent 

photomicrographs of U2OS cells stably expressing the appropriate 

fluorescent proteins.  
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Figure 6.  Stable integration and validation of a dual over expression / 

knockdown vector in mammalian cells. (a) Single and dual over 

expression or knockdown vectors used to make stable lines. PB/SB-EF1a-

EGFR-GFP-IRES-PuroR, EF1a promoter driving C-terminally tagged EGFR-

GFP fusion with IRES Puromycin.	  	  PB/SB-EF1a-GIPZ-shTP53-IRES-PuroR, 

EF1a promoter driving GIPZ based shTP53-GFP with IRES Puromycin.  

PB/SB-Dual-EF1a-EGFR-GFP/shTP53-IRES-PuroR, dual EF1a promoters 

driving C-terminally tagged EGFR-GFP fusion and GIPZ based shTP53-GFP 

vector with IRES Puromycin. (b) Light micrograph and fluorescence image of 

iHSCs stably expressing the single over expression (OE), single short hairpin 

knock down (KD), or dual over expression / knockdown transposon (OE/ KD).  

(c) Relative mRNA expression or EGFR and TP53 with each vector 

normalized to the 1L Luciferase over expression line.  (d)  MTS proliferation 

analysis of each cell line over five days.  
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Figure 7.  Hydrodynamic injection of an oncogenic PB multigene vector 

induces liver cancer in the Fah-deficient mouse model.  (a) Multigene PB 

transposon and transposase vectors used for hydrodynamic tail vein injection.  

CMV-PB7, PB7 transposase under the control of the cytomegalovirus (CMV) 

promoter.  PB-Quad-EF1A-shTrp53-eGFP/NRASG12V/Fah/Luc, short hairpin 

to Trp53 with eGFP cDNA, constitutively active NRASG12V cDNA, 

fumarylacetoacetate hydrolase (Fah) cDNA, and Luciferase cDNA all under 

the control of independent human elongation factor 1 alpha (EF1A) 

promoters.  (b) Luciferase imaging of mouse M495 two weeks post 

hydrodynamic injection, 4 min exposure. (c) Gross examination of a 

hydrodynamically injected liver upon necropsy demonstrating numerous liver 

nodules (left).  Photomicrograph taken of H&E stained liver section containing 

a liver nodule (right).  (d) Photomicrographs taken of immunohistochemical 

analysis for Ki-67, Fah, and Nras, and appropriate controls, performed on 

liver sections containing liver nodules.  (T) and (P) indicate the tumor and 

normal parenchyma, respectively. 
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Table 1. Dual clonase reaction efficiencies.  Results of all dual clonase 

reactions using vectors designed to prevent mis-recombination by virtue of 

the bacterial drug resistance marker positioned between the two tandem 

DEST cassettes.  All clones were analyzed and confirmed as correct or 

incorrect by standard restriction enzyme digest analysis. 
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Expression Vector pENTR1 pENTR2 Clones correct/Clones Picked % Correct
Shuttle-Dual EF1A-D1/2 (CmR) DsRED2 eGFP-LoxP 2 / 2 100
Shuttle-Dual EF1A-D1/2 (CmR) Venus AmCyan 3 / 4 75
PB/SB-Dual EF1A-D1/2 (Kan/Neo) EGFR-GFP GIPZ-HshP53 4 / 4 100
PB/SB-Dual EF1A-D1/2 (Kan/Neo) DsRED2 eGFP-LoxP 4 / 4 100
PB/SB-Dual EF1A-D1/2 (Kan/Neo) New GFP DsRED2 4 / 4 100
PB/SB-Dual EF1A-D1/2 (Kan/Neo) DsRED2 New GFP-IRES-Puro/TK 3 / 3 100
PB7+TN-Dual EF1A-D1/D2 (Kan/Neo) LargeT Antigen NRASV12G 4 / 4 100
PB7+TN-Dual EF1A-D1/D2 (Kan/Neo) shP53-GFP rtTA-IRES-Luc 4 / 4 100
Shuttle-Dual EF1A-D1/2 (CmR) New GFP New Luc 3 / 3 100
PB/SB-Dual EF1A-D1/2 (Kan/Neo) EGFR GIPZ-HshPTEN 2 / 2 100
Shuttle-Dual EF1A-D1/2 (CmR) New GFP DsRED2 2 / 2 100
PB/SB-Dual EF1A-D1/i2 (Kan/Neo) DsRED2 New GFP-IRES-Puro/TK 2 / 2 100
Shuttle-Dual EF1A-D1/2 (CmR) New GFP DsRED2 2 / 2 100
Shuttle-Dual EF1A-D1/2 (SpnR) mYFP AmCyan 1 / 2 50
Shuttle-Dual iEF1A-D1/i2 (SpnR) mYFP AmCyan 2 / 2 100
PB/SB-Dual EF1A-D1/i2 (Kan/Neo) DsRED2 New GFP-IRES-Puro/TK 2 / 2 100
PB/SB-Dual EF1A-D1/2 (Kan/Neo) TRIPZ-hshCREBBP GIPZ-HshPTEN 2 / 2 100
PB-Dual iEF1A-D1/i2 (Kan/Neo) mKate Puro-TK 2 / 2 100
PB/SB-Dual EF1A-D1/2 (Kan/Neo) EGFR-GFP FOXR2-FLAG-IRES-Puro/TK 2 / 2 100
PB/SB-Dual EF1A-D1/i2 (Kan/Neo) mKATE Puro-TK 2 / 2 100
Shuttle-Dual EF1A-D1/2 (SpnR) mKATE Puro-TK 2 / 2 100
PB-Dual EF1A-D1/2 (Kan/Neo) mKATE Puro-TK 2 / 2 100
PB-Dual iEF1A-D1/i2 (Kan/Neo) LargeT Antigen newQuad-NRASG12VIRES-Luciferase 2 / 2 100
Shuttle-Dual EF1A-D1/2 (SpnR) eBFP2 mOrange2 2 / 2 100
Shuttle-Dual iEF1A-D1/i2 (SpnR) eBFP2 mOrange2 2 / 2 100
PB-Dual iEF1A-D1/i2 (Kan/Neo) M2-rtTA Puro-TK 2 / 2 100
Shuttle-Dual T11-D1/2 (CmR) New GFP mKATE 2 / 2 100
PB-Dual EF1A-D1/2 (Kan/Neo) mKATE New GFP 2 / 2 100
PB-Dual iEF1A-D1/i2 (Kan/Neo) mKATE New GFP 2 / 2 100
Shuttle-Dual T11-D1/2 (CmR) mKATE New GFP 2 / 2 100
Shuttle-Dual T11-D1/2 (CmR) EGFP mKATE 2 / 2 100
PB-Dual iEF1A-D1/i2 (Kan/Neo) EGFR-GFP FOXR2-FLAG-IRES-Puro/TK 2 / 2 100
Shuttle-Dual EF1A-D1/i2 (CmR) mshP53-GFP NRASG12V 2 / 2 100
Shuttle-Dual EF1A-D1/i2 (CmR) EGFP New Luc 2 / 2 100
PB-Dual iEF1A-D1/i2 (Kan/Neo) FAH New Luc 1 / 1 100
PB-Dual iEF1A-D1/i2 (Kan/Neo) LargeT Antigen NRASG12V 2 / 2 100
Shuttle-Dual EF1A-D1/2 (CmR) mYFP AmCyan 2 / 2 100
Shuttle-Dual EF1A-D1/i2 (CmR) mYFP AmCyan 2 / 2 100
PB-Dual EF1A-D1/2 (Kan/Neo) mYFP mKATE 2 / 2 100
PB-Dual iEF1A-D1/i2 (Kan/Neo) mYFP mKATE 2 / 2 100

Total: 91/93 Correct Average: 98.1%
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Table 2. cDNA/shRNA transferring from pENTR1 to pENTR2 efficiencies.  

Results of all entry clone transfer reactions from pENTR1 to various versions 

of pENTR2.  All clones were analyzed and confirmed as correct or incorrect 

by standard restriction enzyme digest analysis. 
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pENTR2 Vector pENTR1 Clones correct/Clones Picked % Correct
pENTR2-D1-IRES-Luc M2-rtTA 2 / 2 100
pENTR2-D1-IRES-Puro/TK New GFP 4 / 4 100
pENTR2-D1 ATG-ERAS#2 TALEN 3 / 4 75
pENTR2-D1-IRES-Luc Quad-NRASG12V 3 / 3 100
pENTR2-D1 eBFP2 2 / 2 100
pENTR2-D1 mOrange2 2 / 2 100
pENTR2-D1-IRES-Luc newQuad-NRASG12V 2 / 2 100
pENTR2-D1-IRES-Puro/TK FOXR2-FLAG 2 / 2 100

Total: 20/21 Correct Average: 96.8%
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Table 3. Cre recombinase mediated retrofitting efficiencies.  Results of all 

retrofitting reactions performed between expression vectors and shuttle 

vectors with ColE elements removed.  All clones were analyzed and 

confirmed as correct or incorrect by standard restriction enzyme digest 

analysis. 
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Expression Vector Shuttle Vector Clones correct/Clones Picked % Correct
PB/SB-Dual EF1A-newGFP/DsRED2 (Kan/Neo) Shuttle-Dual EF1A-Venus/AmCyan (CmR) 8  / 8 100
PB7+TN-Dual EF1A-LgT/NRASV12G (Kan/Neo) Shuttle-Dual EF1A-newGFP/newLuciferase (CmR) 3  / 4 75
PB/SB-Dual EF1A-newGFP/DsRED2 (Kan/Neo) Shuttle-Dual EF1A-newGFP/DsRED2 (CmR) 2 / 2 100
PB/SB-Dual EF1A-newGFP/DsRED2 (Kan/Neo) Shuttle-Dual EF1A-mYFP/AmCyan (SpnR) 1 / 2 50
PB-Dual iEF1A-mKATE/iPuro-TK (Kan/Neo) Shuttle-Dual iEF1A-mYFP/iAmCyan (SpnR) 1 / 1 100
PB-Dual iEF1A-mKATE/iPuro-TK (Kan/Neo) Shuttle-Dual EF1A-newGFP/iDsRED2 (CmR) 2 / 2 100
PB-Dual iEF1A-mKATE/iPuro-TK (Kan/Neo) Shuttle-Dual EF1A-newGFP/iDsRED2 (CmR) 2 / 2 100
PB-Dual EF1A-mKATE/Puro-TK (Kan/Neo) Shuttle-Dual EF1A-newGFP/DsRED2 (CmR) 2 / 2 100
PB-Dual EF1A-mKATE/Puro-TK (Kan/Neo) Shuttle-Dual EF1A-mYFP/AmCyan (SpnR) 1 / 1 100
PB-Quad EF1A-mYFP/AmCyan/mKATE/Puro-TK (Kan/Neo)(Spn) Shuttle-Dual EF1A-newGFP/DsRED2 (CmR) 2 / 2 100
PB-Quad EF1A-EGFP/iDsRED2/imKATE/iPuro-TK Shuttle-Dual iEF1A-mYFP/iAmCyan (SpnR) 1 / 1 100
PB-Dual EF1A-mKATE/Puro-TK Shuttle-Dual EF1A-eBFP2/mOrange2 (SpnR) 2 / 2 100
PB-Dual iEF1A-mKATE/iPuro-TK Shuttle-Dual iEF1A-eBFP2/imOrange2 (SpnR) 2 / 2 100
PB-Quad EF1A-eBFP2/mOrange2/mKATE/Puro-TK Shuttle-Dual EF1A-mYFP/AmCyan (CmR) 2 / 2 100
PB-Quad iEF1A-eBFP2/imOrange2/imKATE/iPuro-TK Shuttle-Dual EF1A-mYFP/iAmCyan (CmR) 1 / 2 50
PB-Dual EF1A-mKATE/Puro-TK Shuttle-Dual EF1A-mYFP/AmCyan (CmR) 2 / 2 100
PB-Dual iEF1A-mKATE/iPuro-TK Shuttle-Dual EF1A-mYFP/iAmCyan (CmR) 2 / 2 100

Total: 36/39 Correct Average:92.6%



	   167	  

 

 

 

 

Supplementary Figure 1.  Transient transfection of single fluorescent 

protein encoding plasmids into HEK 293T cell.  Two days after transient 

transfection, HEK293T cells were imaged using the Olympus IX70 Inverted 

Microscope equipped with an Arcturus PixCell II camera.  Five different filters 

were used to image the 5 different fluorescent proteins used in this study.  

The filters tested include, DAPI (BP330-385/BA420), CFP 

(440DF21/500RDF25), YFP (480DF30/545RDF 35), Rhodamine 

(525RDF45/545EFLP), and Texas Red  (D560/40 D630/60 M).  A standard 

exposure time of 400 ms was used to assess the amount of spectral overlap 

of each fluorescent protein using each filter. 
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Reverse genetic approaches in human cancer cell lines have proven fruitful 

for understanding cancer.  However, some genes may not be amenable to 

standard RNAi based approaches, such as short hairpin RNA knockdown 

(KD) validation because complete loss of protein expression must be 

achieved to observe a phenotypic change.  This is typical of addictive 

oncogenes for example.  Thus, it may be necessary to mutate and inactivate, 

or completely remove the endogenous gene, to completely ablate protein 

expression.  The advent of Transcription Activator-Like Effector Nucleases 

(TALENs) provides a straightforward and cost effective option for targeted 

genome modification.  Yet, there is still a need for methods that allow for 

enrichment and isolation of modified cells.  We developed and validated two 

methods for enrichment and isolation of knockout (KO) mammalian cancer 

cell lines using TALENs.  We report that both methods can be used to 

generate KO cell lines in less than 2 months.  Further, we demonstrate the 

removal of an entire gene using two pairs of TALENs flanking the 

endogenous loci.  Lastly, we demonstrate that TALEN KO cells demonstrate 

phenotypic changes in functional assays. 

INTRODUCTION 

Forward genetic screens have been utilized for several decades in numerous 

model organisms to successfully identify candidate genes of a given 

phenotype.  Cancer gene identification using forward genetic screens has 

been especially successful, using viral mutagenesis, and even more so with 
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the advent of transposon mutagenesis in mice (Uren et al., 2005; Collier et 

al., 2005; Keng et al., 2009; Mann et al., 2012).  Further, with the rapidly 

growing effort to sequence hundreds and thousands of human primary tumors 

and cell lines, numerous candidate cancer genes are being quickly identified 

that will need to be functionally validated (Sratton et al., 2009;Barretina et al., 

2012).  The ability to regulate gene expression by mRNA knock down (KD) or 

cDNA over expression has made it possible to validate identified candidate 

cancer genes in mammalian cells with some ease and will likely continue to 

be used for this purpose.  However, there are limitations to the level of control 

available to researches attempting to validate candidate cancer genes.  Even 

with the multiple forms of mRNA knock down available such as shRNA, iRNA, 

and miRNA there are still not reliable methods to completely knock out (KO) 

gene function to eliminate all protein expression as is observed in many 

human cancers (Cullen, 2006; Valencia-Sanchez et al., 2006; Scherer and 

Rossi, 2003).  In order to achieve complete loss of gene function the coding 

sequence of the endogenous gene must be altered using targeted gene 

editing.   

Until recently, the methods available for targeted genome modification 

have been limited to homologous recombination gene targeting methods 

(Capecci, 1989; Rago et al., 2007).  Although these methods can successfully 

generate bi-allelic KOs in mammalian cells the time and effort needed, and 

low efficiencies, has prevented these methods from being widely adapted 

(Porter and Itzhaki, 1993;	  Hendrickson, 2008; Trine et al., 2011).  Targeted 
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nucleases for gene editing, such as zinc finger nucleases (ZFNs), have 

demonstrated highly efficient gene KO in many cell types and even 

developing organisms (Liu et al., 2010; Swarthout et al., 2011).  

Unfortunately, targeted nucleases, such as ZFNs, have been exclusively 

available to research labs investigating nucleases due to their low activity 

success rates and labor to develop.  Recently, ZFNs have become 

commercially available expanding the availability of the technology to 

researchers, though at the exuberantly costly price of ~$25,000 per pair.  

However, a new type of ‘open-source’ targeted nuclease, termed TAL Effector 

Nucleases (TALENs), has been recently described and can be assembled by 

any lab equipped for basic molecular biology (Christian et al, 2010).  TALENs 

were developed shortly after the decoding of the mechanism by which 

transcription activator-like effectors (TALEs) novel DNA binding domain 

identifies its cognate DNA sequences (Boch et al., 2009; Moscou et al., 

2009). 

TALEs are a class of DNA binding proteins discovered in the plant 

pathogen Xanthamonas (Römer et al., 2010; Boch & Bonas, 2010).  These 

proteins contain an array of nearly identical 34-amino acid (aa) DNA binding 

domains distinguished only by the 12th and 13th aa termed the RVD (Repeat 

Variable Domain) that specifies nucleotide binding in a predictable fashion; 

these DNA binding domains have been termed effector binding elements 

(EBEs) (Boch et al., 2009; Moscou et al., 2009; Mahfouz et al., 2011).  In 

order to equip TAL effectors for targeted genome modification the Fok-I 
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endonucleases domain was fused to the C-terminus to produce TALENs 

(Christian et al, 2010; Miller et al., 2010; Mahfouz et al., 2011). Using this 

framework it is possible to generate TALENs that bind any desired nucleotide 

sequence by modular assembly of the aforementioned EBE domains.   

However, since the DNA binding domains are highly repetitive, it has 

proven difficult to produce novel TALEN proteins.  Recently, methods using 

Type-IIS restriction endonucleases to assemble multiple DNA fragments in an 

orientation and order-specific manner in a single reaction were reported 

(Engler et al., 2009).  These methods have since been applied to TALEN 

assembly by numerous groups and made freely available to researchers in 

any field of study (Cermeck et al., 2011; Li et al., 2011; Sanjana et al., 2012).  

Further, a high throughput method termed FLASH TALEN assembly was 

reported that is capable of assembling 96 TALENs in a single day by 

sequential ligation of EBE multimers of 1, 2, 3 or 4 repeats (Reyon et el., 

2012). These methods will likely lead to the commercialization of TALENs and 

eventually TALENs targeting any DNA sequence will simply be ordered at a 

minimal expense to researchers.  

TALENs have now been validated as highly efficient inducers of 

targeted double strand breaks (DSB) causing subsequent gene KO by non-

homologous end joining (NHEJ) repair in numerous cell types and developing 

organisms (Tessen et al., 2011; Haung et al., 2011; Miller et al., 2010).  

Additionally, it has been reported that TALENs are less toxic to cells and have 
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higher activity success rates (up to 90%) compared to ZFNs (Mussolino et al., 

2011; Reyon et al., 2012).  Thus, TALENs offer a reliable and cost effective 

avenue for targeted genome modification to validate candidate cancer genes.  

However, there is still a lack of efficient and straightforward methods for 

isolating KO cell lines generated by TALENs.  To this end, we have 

developed and validated two methods for efficient, single step enrichment and 

isolation of KO mammalian cell lines using TALENs.  Our primary interest in 

generating KO cell lines was for candidate cancer gene validation, though the 

methods can be used to generate KO cell lines for any purpose. 

The first method we developed utilizes a dual TALEN system where 

KO cells are enriched for and isolated via 6-thioguanine selection. Robustly 

expressed TALENs driven by the CMV early enhancer/chicken β-actin (CAG) 

promoter targeting a gene of interest are linked to weakly expressed TALENs 

driven by phosphoglycerate kinase (PGK) promoter targeting the HPRT locus. 

It has been well established that mouse and human cells lacking endogenous 

HPRT expression are resistant to 6-thioguanine (Doetschman et al., 1988; 

Glaab et al., 1998).  Thus, cells transfected with large amounts of plasmid will 

express high enough levels of HPRT TALENs to generate mutations in HPRT 

to KO its function, inducing 6-thioguanine resistance, and therefore also 

enriched for KO of the gene of interest. 

The second method termed co-transposition uses co-transfection of 

TALENs with the Piggybac (PB) transposase and a transposon carrying a 



	   175	  

selectable marker to allow for isolation of cells that have been exposed to 

large amounts of plasmids, as transposition is a relatively inefficient process. 

We chose to use the PB system over other available DNA transposon system 

for several reasons.  First, it has been demonstrated that PB transposition is 

functional in many mammalian cell types, even with vary large transposons 

(Ding et al., 2005; Wilson et al., 2007; Li et al., 2011).  The ability to use large 

transposons allows for concurrent engineering of cell lines while obtaining KO 

of the gene of interest (GOI).  Second, integrated PB transposons can be 

removed from their genomic integration site simply by re-expression of the 

transposase, leaving no ‘footprint’ or genomic insult after transposition 

(Woltjen et al., 2009; Yusa et al., 2009).  Lastly, since the PB system is 

commercially available (System Biosciences) any lab interested in using the 

co-transposition technique has direct access to the needed reagents.  

We report that both enrichment and isolation methods can be 

successfully used to generate KO cell lines, but that the co-transposition 

method is more robust for the isolation of TALEN modified cells. We 

successfully used the co-transposition method to generate numerous 

homozygous and heterozygous KO cell lines of the candidate malignant 

peripheral nerve sheath tumor (MPNST) oncogenes ERAS and FOXR2 in 3 

human MPNST cell lines.  In addition, we successfully removed the entire 

ERAS coding sequence using two pairs of TALENs flanking the entire open 

reading frame (ORF) of ERAS.  TALEN mediated genome modification 

implemented using the co-transposition enrichment and isolation method is a 
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powerful tool for candidate cancer gene validation and will likely become a 

standard reverse genetics tool in the future.  

METHODS AND MATERIALS 

Vector Design and Assembly  

Candidate TALENs were designed using TALE-NT (https://boglab.plp.iastate. 

edu/node/ add/talen).  From the list of candidate TALENs generated using 

TALE-NT, three were chosen and constructed based on optimal RVD content, 

spacer length, and binding site length based on previous TALEN publications 

and our own experiences with TALENs.  TALENs were assembled using 

Golden Gate cloning as previously described (Cermeck et al., 2011).  The 

truncated ∆152+63 TALEN backbone used has also been previously 

described (Carlson et al., submitted; Miller et al., 2011).  pENTR1-∆152+63 

TALEN was created by PCR amplifying the ∆152+63 TALEN backbone with 

AccuPrime™ Pfx SuperMix (Invitrogen) from pCAG-∆152+63 TALEN with the 

addition of a mammalian Kozak sequence, BamHI, and SpeI sites to clone 

into BamHI and XbaI sites of pENTR221.  The dual HPRT TALEN vector was 

created by first cloning ∆152+63 hHPRT Left TALEN in place of the 

Puromycin gene in PB/SB-CAG-DEST1-PGK-Puro (Rahrmann et al., in 

preperation) using HpaI and BsrBI sites flaking the TALEN in ∆152+63 

hHPRT Left TALEN to two blunted HindIII sites flanking the Puromycin gene. 

The transposon ITRs and plasmid backbone were replaced with a smaller 

backbone containing Ampicillin resistance gene and bacterial ColE from 

R26(-)-Shuttle using SspI and PciI on R26(-)-Shuttle to EcoRV and HpaI of 
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PB/SB-CAG-DEST1-PGK-∆152+63 Left TALEN to make pCAG-DEST1-PGK-

∆152+63 hHPRT Left TALEN.  The DNA binding domain of the hHPRT Right 

TALEN was then cloned in place of place of hHPRT Left TALEN in PB/SB-

CAG-DEST1-PGK-∆152+63 hHPRT Left TALEN using SphI and Eco53KI 

sites on the vector and insert to make PB/SB-CAG-DEST1-PGK-∆152+63 

hHPRT Right TALEN.  TALENs targeting genes of interest were transferred to 

the dual TALEN vector by standard LR Clonase reaction described below.  

The Piggybac transposon PB/SB-CAG-Luciferase-IRES-GFP-PGK-Puro was 

generated by LR clonase reaction of pENTR221-Luciferase with PB/SB-CAG-

DEST1-IRES-GFP-PGK-Puro.  

Cell Culture, Drug Selection, and Electroporations 

K562 cells were maintained in RPMI (Cellgro) media supplemented with 10% 

FBS and 1% Penicillin/Streptomycin.  U2OS cells were maintained in 

McCoy’s 5A (Invitrogen) media supplemented with 10% FBS and 1% 

Penicillin/Streptomycin.  MPNST cell lines were maintained in DMEM 

(Cellgro) media supplemented with 10% FBS and 1% Penicillin/Streptomycin.  

Where indicated TALEN transfected cells underwent ‘cold shock’ for 2 days at 

30°C after 1 day at the 37°C to increase gene modification. 

Electroporations were performed using the NEON electroporation 

system (Invitrogen) using 100 µL electroporation tips, following manufacturers 

instructions.  For Dual GOI / HPRT TALEN experiments 0.5 million cells were 

electroporated with 2 µg of each left and right Dual TALEN vector with 100 ng 
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of GFP Max plasmid (Amaxa) to assess transfection efficiency.  Co-

transposition assays were done using the same amount of TALEN and GFP 

vector with the addition of 500 ng of PB transposon and 500 ng of pCMV-PB7 

transposase. 

Soft Agar assay 

Cells (1x104) were seeded into soft agar in single wells of six well plates and 

allowed to incubate for 2 weeks.  The resultant colonies were then stained 

with 0.5% crystal violet in buffered formalin for 1 hour.  Each well was divided 

into 4 quadrants and photographed.  Colonies were quantified using ImageJ 

software using a standard colony quantification macro.   

CEL-I Assay 

CEL-I assays were performed as previously descried (Guschin et al., 2010).  

Briefly, after electroporation of TALEN encoding plasmids and incubation for 3 

days genomic DNA was extracted by organic extraction using standard 

Phenol-chloroform extraction.  PCR amplicons of 300-400bp were generated 

spanning the TALEN binding site using Accuprime™ Taq HF (Invitrogen) 

using the following PCR cycle: initial denaturation at 95°C for 5 min; 35x 

(95°C for 30 sec, 55°C for 30 sec, 68°C for 40 sec); final extension at 68°C 

for 2 min.  PCR amplicons were then denatures at 95°C for 5 minutes and 

slowly cooled to anneal at -0.1°C/sec.  Primer sequences can be found in 

Supplemental table 2.  Three microliters of the annealed amplicon was then 

diluted with 6 µL of 1X Accuprime™ PCR buffer II and treated with 1µL of 
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Surveyor nuclease with 1uL of enhancer (Transgenomics) at 42°C for 20 min.  

The reaction was then stopped by the addition of 3uL of Ficol-400 containing 

1mM EDTA and subsequently run on a standard 10% TBE gel.  Percent gene 

modification was calculated using Image J software as described (Guschin et 

al., 2010). 

Western Blot Analysis 

Cells were harvested and lysed with modified RIPA buffer (0.5% (vol/vol) NP-

40, 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA) containing 

phosphatase inhibitors (Sigma) and a complete mini protease inhibitor pellet 

(Roche).  Cells were incubated on ice for 10 min followed by sonication with 

10 pulses at 30% power.  FOXR2 antibody was acquired from Abcam 

(ab55961). 

Knockout Sequence Analysis 

TALEN target site amplicons were amplified using the CEL-I primers in 

supplemental table 2 using the PCR conditions as described above.  PCR 

products were purified using QIAquick PCR Purification Kit (Qiagen) and 

directly sequenced by single pass DNA sequencing (ACGT, Inc). 

RESULTS 

Successful Assembly and Validation of TALENs  

Twenty TALEN pairs targeting 10 known and novel candidate cancer genes 

were successfully assembled using Golden Gate cloning as previously 

described (Cermeck et al., 2011) (Supplementary table 1).  TALENs were 



	   180	  

targeted just after the ATG start codon to induce insertion and deletion (indel) 

mutations that would potentially KO gene function. The truncated ∆152+63 

TALEN backbone was utilized as it has been shown to be more active than 

the full length TALEN by numerous groups (Miller et al., 2010; Carlson et al., 

submitted).  To validate that assembled TALENs posses nuclease activity in 

cultured cells, we expressed them in the immortalized myelogenous leukemia 

K562 cell line.  In order to express robust levels of protein, TALENs were 

expressed using the ubiquitous expressed CMV early enhancer/chicken β-

actin (CAG) promoter and delivered via NEON electroporation.  Nuclease 

activity was assessed using the CEL-I assay, the gold standard of TALEN 

activity in the nuclease field (Figure 1a).  From the 20 assembled TALEN 

pairs, 15 were validated as having nuclease activity using the CEL-I assay 

(75% success rate), with nuclease activity ranging from 2-24% gene 

modification (Figure 1b). These results demonstrate that TALENs targeting 

known and novel tumor suppressors and oncogenes can be generated using 

golden gate assembly and have functional nuclease activity at the engineered 

target site. 

Dual GOI / HPRT TALEN Treatment Enriches for TALEN Modified Cells 

In order to obtain cell lines with TALEN induced mutations that lead to 

complete gene KO, vectors expressing TALENs to the HPRT gene and a 

gene of interest (GOI) were assembled.  The organization of the vectors is 

such that the left TALEN of each pair are on one plasmid while the right 

TALENs are on an analogous plasmid (Figure 2a).  The GOI TALENs are 
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expressed under the control of the strong CMV early enhancer/chicken β-

actin (CAG) promoter and the HPRT targeting TALENs under control of the 

~5 fold weaker phosphoglycerate kinase (PGK) promoter (Qin et al., 2010) 

(Figure 2a).  We hypothesized that with this configuration only cells that 

received very high levels of both plasmids would undergo nuclease cleavage, 

and subsequent KO, of the HPRT locus and these cells would then get 

approximately 5-fold more expression of the TALENs targeting the GOI.  

Since cells lacking HPRT protein expression are sensitive to the cytotoxic 

guanine analogue 6-thioguanine it can be used to enrich and select for cells 

that having inactivating mutations in HPRT and therefore exposed to high 

levels of the GOI TALENs.   

To first test this hypothesis, we designed and validated TALENs to the 

human ARTEMIS locus and constructed a previously described HPRT 

TALEN pair (Cermeck et al., 2011).  In order to allow for efficient cloning of 

the GOI TALEN cDNAs into this large expression vector, we equipped it with 

a destination cassettes (DEST) compatible with the Gateway cloning system.  

Validated TALENs targeting the GOI are inserted into the Gateway Entry 

vector by PCR or traditional cloning and then shuttled into the final expression 

vector by an LR Clonase reaction.  The dual TALEN plasmids encoding the 

ARTEMIS and HPRT TALEN pairs were then transfected into U2OS cells and 

incubated at 37°C for 3 days without 6-thioguanine selection to assay for 

nucleases activity.  Nuclease activity was detected at the ARTEMIS locus 

(~2% gene modification) but not the HPRT locus by CEL-I assay (Figure 2b).  
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This is expected as the ARTEMIS TALENs are highly expressed in the 

transfected cells while the HPRT TALENs are expressed at very low levels; 

though 2% gene modification was substantially lower than with single 

ARTEMIS TALENs (23.5% in K562 cells).  

In order to test our hypothesis that 6-thiogaunine selection enriches for 

TALEN modification at the GOI and HPRT loci U2OS cells were 

electroporated with the dual ARTEMIS/HPRT TALENs and allowed to 

incubate at 37ºC for 5 days after which they subjected to 6-thiogaunine 

selection for 2 weeks. Five days of incubation was chosen rather than the 

standard 3 days to allow for nuclease activity to occur and any remaining 

HPRT protein to be degraded.  After 6-thioguanine selection all resultant 

clones were pooled and assayed for gene modification at the ARTEMIS and 

HPRT TALEN target sites.  CEL-I analysis of the selected, pooled clones 

demonstrated enrichment of gene modification at both ARTEMIS and HPRT  

TALEN sites compared to non-selected populations (Figure 2c). 

We then repeated the same experiment and sixteen clones were 

picked and analyzed for KO by direct PCR and sequencing of both the 

ARTEMIS and HPRT TALEN target sites.  Clones were classified as either 

wild type (WT), mutation detected (Mut.), or double knock out (DKO) based 

on indel mutations at the TALEN cut site by direct sequencing as 

demonstrated in Figure 3.  Mutation detected clones have either one WT 

allele and one mutant allele or two different indels at the target of interest.  
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Sequencing chromatograms of these clones appear as single product 

sequences up to the TALEN cut site followed by mixed peaks in the 

chromatogram, indicating that the two alleles have differing sequences after 

the cut site. Thus, mutation detected clones can be either DKOs with different 

indels or single allele KOs.  The PCR amplicons would need to be cloned and 

sequenced to identify the exact sequence at each allele.  Analysis of the 16 

clones sequence data determined that 100% of the clones had indels at the 

HPRT locus that presumably led to inactivation of gene function.  Of these, 

there were 14 DKO clones (14/16) and 2 mutation detected clones (2/16).  

Analysis of the ARTEMIS target site sequences revealed that 50% of the 

clones (8 of 16) were classified as mutation detected and one clone was a 

DKO with identical indels at both alleles (Figure 2d).  These results 

demonstrate that the dual HPRT TALEN method can be used for the 

enrichment and isolation of KO cell lines.  

Selectable Transposon Transposition Enriches for TALEN Modified 
Cells 

In order to expand the available methods to generate KO cancer cell lines 

using TALENs, another method was investigated that utilizes co-transposition 

of a Piggybac (PB) transposon to integrate a selectable marker to allow for 

enrichment and isolation of KO cells.  Some of the attractive aspects of the 

PB system are its ability to mobilize large cargo, high efficiencies of 

transposition, and its ability to perform flawless excision from the genome 

leaving no mutations (Ding et al., 2005; Wilson et al., 2007;Li et al., 2011).  
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Since transposon transposition is a relatively inefficient event we 

hypothesized that only cells that get lots of plasmids, including co-transfected 

TALENs, will have a successful transposition event of the DNA transposon 

harboring the Puromycin resistance gene.  To test this hypothesis, we 

constructed a PB transposon expressing the Puromycin resistance gene 

driven by PGK, in addition to the CAG promoter expressing Luciferase-IRES-

GFP (Figure 4a).  The CAG-Luciferase-IRES-GFP cassette was added to 

both increase the cargo size, thereby making transposition less efficient and 

likely increasing enrichment of KO cells, and to allow for simultaneous 

engineering of the TALEN modified cells for in vivo applications in mice.  

TALENs targeting candidate oncogenes ERAS and FOXR2 were used to 

validate the co-transposition method.  In addition, we used the previously 

described HPRT TALENs, without any selection, as a control in case loss of 

ERAS or FOXR2 was lethal to cells.  Both ERAS and FOXR2 were identified 

in a Sleeping Beauty transposon based forward genetic screen in mice to 

identify genes involved with malignant peripheral nerve sheath tumor 

(MPNST) development (Rharmann et al., in preparation).  Thus, we 

performed the co-transposition method in the three well-known MPNST cell 

lines (STS26T, ST8814, and S462TY) using TALENs to FOXR2, ERAS, or 

HPRT (Miller et al., 2006).   

Cells were electroporated with plasmids encoding: TALEN left, TALEN 

right, PB7 transposase, Puromycin encoding transposon, and EGFP and 

allowed to incubate at 37ºC for one day followed by a ‘cold-shock’ incubation 
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at 30ºC for 2 days to increase nuclease activity (Figure 4a) (Doyon et al., 

2010).  EGFP was included simply as a visual marker to monitor successful 

and robust electroporation.  Electroporations were performed in duplicate and 

one set used for DNA isolation and CEL-I analysis on day 3 after 

electroporation, results are shown in Figure 4b.  Cells from the other replicate 

were then plated in 96-well plates at a pre-determined density to produce 

numerous wells harboring single cell clones after Puromycin selections.  The 

number of cells needed per well to produce single cell clones is dependent on 

the transfection efficiency and transposon transposition rate of the cell line 

used.  Wells containing single cell clones were expanded and DNA extracted 

for direct sequence analysis of the TALEN target site.   

In total, we isolated 131 FOXR2, 112 ERAS, and 36 HPRT TALEN 

treated clones from the 3 different MPNST cell lines.  We then performed 

PCR on all clones at the designated TALEN target site and sequenced the 

amplicons.  We were able to identify clones of each of the aforementioned 

indel classes for all target genes in all 3 MPNST cell lines tested (Figure 4c).  

The vast majority of the DKO clones (>95%) had identical indels at both 

alleles; an observation previously described using ZFNs and TALENs (Liu et 

al., 2010; Carlson et al., submitted).  Interestingly, we found substantially 

more DKO and nearly no WT clones with the HRPT TALENs compared to the 

FOXR2 or ERAS TALEN clones in all 3 cell lines (Figure 4c).  We also 

obtained substantially fewer clones with the HPRT TALEN pair compared to 

either the FOXR2 or ERAS TALENs.  These results demonstrate that co-
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transposition is a robust method for generation and isolation of TALEN 

modified cell lines that harbor heterozygous or homozygous indel mutations 

presumably caused by NHEJ repair. 

Protein Analysis and Functional Validation of FOXR2 TALEN Modified 
Clones 

In order to identify if DKO or mutation detected clones identified by direct 

sequencing have reduced or complete loss of protein expression we 

performed western blot analysis on total protein extracts from a subset of 

clones treated with FOXR2 TALENs.  Surprisingly, we found that FOXR2 cells 

that appeared to be DKOs upon sequence analysis still expressed FOXR2 

protein (Figure 5a).  Upon inspection of the ORF of FOXR2 we identified 

several in-frame ATG codons down stream of the TALEN cut site.  Further, 

when aligned the sequences from the FOXR2 DKO clones we find that the 

indels never reach the in-frame ATG just downstream of the TALEN cut site 

and in fact many of the indels end precicely before the in-frame ATG (Figure 

5b).   

If the in-frame ATG codon just down stream of the TALEN cut site was 

being used as a translational start site it would remove 25 amino acids and 

approximately 3 kDa from the full length FOXR2 protein.  Unfortunately, this 

shift was not detectable by western blot analysis.  It has been reported that 

cells can utilize alternative in-frame ATG codons at changes in development 

and situations of cell stress (Delmas et al., 1992; Stein et al., 1998).  

However, we did identify a “mutation detected” clone that expressed lower 
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levels of FOXR2 compared to the parental lines (data not shown).  Upon 

closer inspection of the sequencing results of this clone (clone #23) it was 

apparent that one allele had an indel that disrupted the downstream in-frame 

ATG just after the TALEN cut site.  These results demonstrate that TALEN 

induced indel formation can lead to reduced proteins levels in modified 

clones.  In addition, future TALEN design should take into consideration in-

frame ATG codons and these might be better targets than the canonical ATG 

start codon. 

As the ultimate goal of this study was to develop and validate methods 

for candidate cancer gene validation we performed functional assays using 

FOXR2 DKO and mutation detected clones.  From our previous studies we 

knew that shRNA knock down of FOXR2 in STS26T cells resulted in 

decreased colony formation in soft agar (Figure 5d) (Rharmann et al., in 

preparation).  Thus, we performed soft agar colony forming assays with a 

subset of FOXR2 DKO and mutation detected clones.  We found that there 

was variable soft agar colony formation with the clones tested and all seemed 

to produce fewer colonies than is typically observed with the parental cell line 

(Figure 5c).  Interestingly, one of the mutation detected clones produced 

significantly fewer colonies than any of the other clones, and in fact even 

fewer colonies than observed with FOXR2 shRNA KD in the parental cell line 

(Figure 5d).  This was clone #23, the only FOXR2 TALEN treated clone that 

produced an indel that disrupted the in-frame ATG down stream of the 

TALEN cut site.  These results demonstrate that clones generated using the 
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co-transposition TALEN method can be used to functionally validate 

candidate cancer genes analogous to shRNA KD.  

Excision of An Entire ORF using Co-Transposition  

To further demonstrate the versatility of the co-transposition method we 

designed two different pairs of TALENs that flanked the entire human ERAS 

coding sequence to remove the gene entirely.  The first TALEN pair, 

described above, was targeted just after the ATG start codon and the second 

just after the stop codon of ERAS with approximately 700 bp between the two 

TALEN sites (Figure 6a).  Co-transposition was performed just as with a 

single TALEN pair with the exception of using 1 µg of each of the 4 TALENs 

to maintain 4 µg of TALENs in the electroporation.  Three days after 

electroporation, again using ‘cold-shock’ treatment, cells were seeded in 96-

well plates and the remaining pool was analyzed for ERAS deletion by PCR 

using the ATG-ERAS TALEN forward primer and STOP-ERAS TALEN 

reverse CEL-I primers (Figure 6b).  In both MPNST cell line pools tested we 

identified both the wild type and deletion PCR products of the predicted sizes 

(Figure 6b).  These deletion PCR products were sequenced and revealed the 

expected result of the ERAS 5’ UTR to variable sequences (Figure 6c).  

Using the STS26T and S462TY MPNST cell lines we were able to 

isolate 35 clones treated with both ERAS TALEN pairs using the co-

transposition method.  Upon PCR analysis of these clones we identified 

numerous clones that only produced the deletion product of expected size 
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(Figure 6d).  Interestingly, some clones gave no PCR products and were thus 

removed from further analysis; these clones may have had large deletions 

encompassing the primer binding sites. Amplicon sequence results 

demonstrated that we again obtained all 3 classes of clones and an 

unexpectedly high percentage of DKO clones (Figure 6e).  In fact, 

5/11(45.4%) of the STS26T clones and 7/24 (29.1%) S462TY clones had 

removal of both alleles of ERAS.  We also obtained clones that were either 

DKO at the ATG-ERAS TALEN site or STOP-ERAS TALEN site but still 

retained the ERAS ORF. Sequence results of DKO showed perfect fusion of 

the 5’ UTR to the 3’ UTR of ERAS (Figure 6f).  Interestingly, in 11/12 (91.6%) 

cases where both ERAS alleles were completely removed the break points 

were identical.  This is analogous to what we observed with the indels 

generated in DKO cell lines using a single TALEN with co-transposition.  

These results demonstrate that TALENs flanking a defined region in the 

genome can be used to remove entire ORFs at high frequencies using the co-

transposition method. 

DISCUSSION 

We report two novel methods for enrichment and isolation of KO cancer cell 

lines using engineered TALENs for cancer gene validation.  Importantly, 

these methods are highly efficient, rapid, and achievable by any lab equipped 

to perform standard cell culture and molecular biology techniques.  The 

required reagents are also commercially available through Addgene and SBI 

Biosciences.  These methods can be used to generate heterozygous and 
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homozygous KO lines of candidate cancer genes that mimic mutations found 

in human cancer more closely than mRNA KD methods typically used to 

validate candidate cancer genes.  We also demonstrate complete removal of 

an entire endogenous gene, ERAS, with the co-transposition method using 

two TALEN pairs flanking the ORF.  This approach can be implemented to 

mimic chromosomal losses that are prevalent in many human cancers.  The 

time required to perform these experiments from TALEN design to clone 

isolation and analysis is less than two months (Figure 7).   

Though the rates of DKO isolation were lower with the dual HPRT 

method there may be situations were this method is preferred over co-

transposition.  For instance, it has been demonstrated that PB transposition is 

much more efficient in mouse ES cells than human cell lines for unknown 

reasons, which may reduce the enrichment of TALEN modified cells (Wang et 

al., 2008).  In addition, some cell lines are more difficult to single cell clone 

than others, especially with a fast acting, robust selection as is seen with 

Puromycin selection.  6-thioguanine selection is a more gradual method of 

selection and therefore more amenable for use in cell lines that are hard to 

single cell clone, as resistant cells will have time to divide while other 

sensitive clones are still present.  

Although we obtained DKO clones for each of the 3 genes we targeted 

in all 3 MPNST cell lines using the co-transposition method there was 

dramatic variation in the percentage of DKO clones depending on the cell line 
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and the target gene.  The most extreme difference was seen between the 

candidate oncogenes, ERAS and FOXR2, and HPRT.  It is possible that this 

disparity is due in part to the difference in TALEN activity as all 3 TALENs had 

varying day 3 CEL-I results.  Though the percent gene modifications were not 

vastly different.  It is, however, tempting to speculate that the MPNST cell 

lines are addicted to or reliant on the expression of these oncogenes and are 

much less robust without their expression.  Thus, any clones that would have 

resulted in complete loss of oncogene expression simply died, or senesced 

and were never isolated.  Future experiments targeting these genes in cell 

lines that are likely not dependent on FOXR2 or ERAS expression will be 

needed to begin to address this possibility. Another obvious difference in 

DKO clones identified was seen with the ST8814 cell line targeting FOXR2.  

We identified 20 times more FOXR2 DKO in ST8814 compared to S462TY 

and four times more than with the STS26T cell line.  Our previous work with 

these cell lines found that FOXR2 is expressed at substantially lower levels in 

ST8814 and that ST8814 forms fewer colonies in soft agar compared to the 

other lines (Rharmann et al., in preperation).  Thus, it may be that ST8814 is 

less dependent on FOXR2 expression than the other MPNST cell lines 

tested. 

Using the co-transposition method to KO tumor suppressor (TSP) 

genes might have the inverse effect on the percent of identified DKO clones.  

If cells are more robust with the loss of a TSP gene of interest than the 

number of DKO clones identified might be substantially increased.  In fact, 
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preliminary data using the co-transposition method to KO the candidate TSP 

WAC in the human colorectal cell lines HCT116 and ACC1 resulted in 9/10 

(90%) and 1/3 (33.3%) clones being DKO upon sequence analysis, 

respectively; no WT clones were identified, only mutation detected and DKO 

(data not shown).  Intriguingly, it may be possible to increase the number of 

DKO clones of ERAS or FOXR2 in the MPNST lines using a type of ‘rescue’ 

experiment.  This could be achieved by engineering the selectable marker 

transposon with a TALEN resistant, doxycycline inducible cDNA of ERAS or 

FOXR2 that would maintain cell viability to allow for KO of the endogenous 

gene of interest.  TALEN resistant cDNAs could be produced by changing the 

nucleotide sequence of the cDNA at the TALEN binding site while maintaining 

the amino acid sequence to avoid cutting of the cDNA transgene.  Cell lines 

made this way could then be used as a conditional KO under the control of 

doxycycline.  This strategy might also be used to generate KO cell lines of 

genes that would otherwise be lethal. 

Interestingly, we found that the indels, formed with single TALENs, and 

the fusion points, created using two TALEN pairs to remove an entire gene, 

were almost exclusively identical at both alleles in any given clone.  This 

observation has been previously reported in KO clones generated using ZFNs 

(Liu et al., 2010). The most likely explanation for this observation is that one 

allele undergoes a TALEN induced DSB that is repaired by the NHEJ 

pathway to form an indel and then the other allele undergoes a TALEN 

induced DSB that is repaired by homology directed repair using the mutated 
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allele as a template.  If this is the case, it may be possible to use plasmid 

based HR methods with the co-transposition method and generate clones 

that have the desired sequence modification at both alleles with high 

frequency. 

It has been previously reported by many groups that the total amount 

of nuclease expression achieved in cells is directly correlated with percent 

gene modification (Doyon et al., 2010; Mussolino et al., 2011).  Thus, future 

improvements on TALEN design and delivery methods that increase their 

ability to induce DSBs will likely increase the frequency at which DKO clones 

are generated as well.  Additionally, it might be possible to decrease the 

efficiency of transposition, for instance by increasing transposon size, to 

further enrich for cells that have been exposed to substantial amounts of 

TALEN plasmid and subsequent protein levels.  Lastly, it will be interesting to 

test the feasibility of using co-transposition to enrich and select for cells that 

have undergone HR using plasmid based targeting vectors.  This would open 

the possibility of generating cell lines with user defined genetic changes such 

as creating or repairing point mutation found to drive numerous types of 

cancer.  The methods described in this report will allow for the widespread 

use of engineered TALENs for reverse genetics to more closely model the 

genomic insults that are responsible for human cancer development that will 

undoubtedly lead to new discoveries and treatments to treat cancer patients. 
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Figure 1. Validation of TALEN nuclease activity at engineered sites of 
known and novel tumor suppressors and oncogenes.  (a) Diagram of 
CEL-I assay and theoretical gel of CEL-I results (modified from: Guschin et 
al., 2010).  (b) Representative CEL-I assay results and calculated percent 
gene modification after transient transfection of TALENs in K562 cells for 3 
days at 37°C.  Percent gene modification was calculated using standard 
densitometry, as described (Guschin et al., 2010). 
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Figure 2.  Dual GOI/HPRT enrichment and isolation allows for generation 
of KO cell lines.  (a) Diagram of dual GOI/HPRT TALEN expression vectors.  
The CMV early enhancer/chicken β-actin (CAG) promoter drives expression 
of the TALEN targeting the GOI, while the phosphoglycerate kinase (PGK) 
promoter expresses the TALENs targeting HPRT.  One plasmid encodes the 
right TALENs and the other encodes the left TALENs of each target.  (b) 
CEL-I results of U2OS cells transfected with ARTEMIS/HPRT dual TALEN 
plasmids and cultured for 3 days without selection (c) CEL-I results of U2OS 
cells transfected with ARTEMIS/HPRT dual TALEN plasmids and cultured 
under 6-thiogaunine selection for 2 weeks.  (d) Bar graph summarizing the 
percent of WT, Mutation detected, and DKO clones at the ARTEMIS and 
HPRT loci using the Dual HPRT selection method. 
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Figure 3.  Direct sequence analysis of TALEN target sites identifies wild 
type (WT), mutation detected (Mut.), and DKO clones. (a) Sequence 
alignment of TALEN targeted region with a WT and DKO clone.  The TALEN 
cut site is outlined in red.  Corresponding sequence chromatograms are 
below the sequence alignment to demonstrate the perfect sequence reads 
found in DKO and WT clones (b) Sequence alignment of TALEN targeted 
region with mutation detected clone.  The TALEN cut site is again outlined in 
red and the corresponding sequencing chromatogram is shown below 
demonstrating perfect sequence up to the TALEN cut site followed by the 
overlap of two distinct amplicons.  These different amplicons represent the 
two alleles of the TALEN target site and the mixed sequence results after the 
TALEN cut site indicate the alleles have different DNA sequences after the 
cut site. 
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Figure 4.  Co-transposition enrichment and isolation allows for robust 
generation of KO cell lines.  (a) Diagram of plasmids used to perform co-
transposition enrichment and isolation.  (b) CEL-I assay results from DNA 
isolated day 3 after electroporation of ERAS, FOXR2 and HPRT TALENs in 
all three MPNST cell lines using ‘cold-shock’ treatment.  (c) Bar graph 
summarizing the percent of WT, Mut., and DKO clones identified for each 
TALEN tested in all three MPNST cell lines.  
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Figure 5.  Protein analysis and functional validation of candidate cancer 
gene FOXR2 using TALEN modified cells. (a) Western blot analysis of 
DKO, Mut., and WT clones generated by the co-transposition method in 
STS26T cells.  The parental STS26T parental line (P) was also analyzed for 
comparison of FOXR2 protein levels.  (b) Sequence alignment of 12 DKO 
FOXR2 clones with the in-frame ATG just downstream of the TALEN cut site 
boxed in red. (c)  Soft agar colony formation of FOXR2 TALEN modified 
STS26T clones. (d) Soft agar colony formation of the STS26T parental cell 
lines and two different shRNA lines (e) Sequence chromatogram of clone #23 
demonstrating loss of the in-frame ATG, denoted by the red box, at one allele. 
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Figure 6. Excision of the entire ORF of ERAS using co-transposition. (a) 
Diagram of ERAS locus depicting the ATG-ERAS and STOP-ERAS TALEN 
binding sites flanking the ERAS ORF.  Black arrows denote binding sites of 
PCR primers used to analyze TALEN treated cells.  (b) PCR analysis of cells 
transfected with both TALENs demonstrating complete loss of the ERAS ORF 
in the population.  (c) Representative sequence chromatogram of ERAS 
deletion PCR from b demonstrating perfect sequence up to the ATG-ERAS 
TALEN cut site.  (d) PCR analysis of isolated clones treated with both 
TALENs using co-transposition.  (e) Bar graph summarizing the percent of 
WT, Mut., and DKO clones identified. (f) Representative sequence 
chromatogram of a DKO ERAS-ATG/ERAS-STOP clones demonstrating 
complete loss of the ERAS ORF leaving only 5’UTR fused directly to 3’UTR.  
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Figure 7. Diagram of timeline for generation and isolation of KO cell 
lines using TALENs. 
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Supplementary Table 1.  List of TALEN target sequences and RVD 
composition of all CEL-I validated TALENs. 
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Supplementary Table 2.  List of CEL-I primers. 
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Primer Name Sequence (5'-3')
NF2 CEL-I For GGGGCTAAAGGGCTCAGA
NF2 CEL-I Rev TGAGGTTTTGGGCCTAGTTG
WAC CEL-I For TTGCTATGGCACTTTTCTATAACCT
WAC CEL-I Rev TCCCCAGGTAGTTCAAATGC
STOP-ERAS CEL-I For CATCCAGCTGAACCACCAG
STOP-ERAS CEL-I Rev TCTCCAGCAGTGGTCACAAG
GAP36 CEL-I For ATCAGGGCATTGGGATGTT
GAP36 CEL-I Rev TGGAGGAACAGGGTTATCATCT
ARTEMIS CEL-I For TGGAGGAACAGGGTTATCATCT
ARTEMIS CEL-I Rev GCAGTTCAGCCACACAACAT
HPRT CEL-I For CCTGTAATGCTCTCATTGAAACAG
HPRT CEL-I Rev TCTTCCATCTCCCTTCAATGTT
ATG-ERAS CEL-I For CCCCTAACGTATCCCCTGTT
ATG-ERAS CEL-I Rev TGTCCAGGGTCAACTCCTTC
FOXR2 CEL-I For ATGCCCAAAGGACAGCTTTA
FOXR2 CEL-I Rev GAGGACCATCTCCATCAGGA
TP53 CEL-I For TGGGTTGTGGTGAAACATTG
TP53 CEL-I Rev TCCCACAGGTCTCTGCTAGG
PHOX2B CEL-I For GCCATCCAGAACCTTTTCAA
PHOX2B CEL-I Rev GTACGGACTGCTCTGGTGGT
PTCH CEL-I For GGCTGAGAGCGAAGTTTCAG
PTCH CEL-I Rev GCGCCCAAACAATAAACAAT
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Background and aims 

The use of Sleeping Beauty mutagenesis for forward genetics in mice has 

now become a world wide genetic tool for gene identification of many different 

phenotypes, particularly cancer.  This was intensely enhanced by the advent 

of a conditional SB transposase transgenic, which was used here and by 

many others in conjunction with tissue specific Cre recombinases to model 

specific cancers (Dupuy et al. 2009).  With the recent effort for high 

throughput sequencing and analysis of human cancers, such as the cancer 

genome atlas (TCGA), many of the candidate genes identified in SB cancer 

screens are being identified as highly mutated or frequently misregulated in 

human cancer.  Thus, genes identified in SB screens can be truly predictive 

of genes important in human cancer and will serve as enriched data sets to 

further probe human cancer genes.  

The goal of this thesis was to identify genes involved with the 

development and metastasis of osteosarcoma.  This goal was accomplished 

and even brought about unexpected results on the clonality of OS 

metastases.  However, as gene identification using SB mutagenesis has been 

successfully performed in numerous cancers, we must now look to the future 

with our results.  The other projects in my thesis have begun the work for 

these future studies that will focus on validation of candidate genes and 

producing systems that better model cancer development to more accurately 

assess the efficacy of new cancer therapies.  These developments will 
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undoubtedly lead to improved patient treatments and subsequent patient 

survival in the clinic.  Further, we need to expand mutagenesis to other 

clinically relevant phenotypes such as chemotherapy resistance, invasion and 

metastasis, and epithelial to mesenchymal transition (EMT); particularly in the 

context of human cells. 

Future directions I – Further validation of OS development and 

metastasis genes 

Although we identified over one hundred candidate OS development and 

metastasis genes, we have only begun to validate their involvement in human 

OS.  Creating new mouse models of OS is an obvious method of validating 

candidate genes functionally and also generates new genetically engineered 

mouse models (GEMMs) of OS.  However, there are clear examples of 

species-specific differences that could confound gene validation using this 

methodology.  The best validation will likely come from comparative genomics 

approaches using large numbers of human OS tumors combined with 

functional studies in human cell lines.  However, comparative genomics 

approaches in OS can be difficult since it is a rare tumor type with only about 

900 new cases annually in the US (Kansara & Thomas, 2007).  Thus, many 

collaborations must be arranged to obtain sufficient sample numbers to 

perform a comprehensive comparative genomics analysis.  Once numerous, 

ideally hundreds, OS samples are obtained many analyses could be 

performed, such as: whole exome re-sequencing, RNAseq, aCGH, whole 
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genome methylation sequencing, and tissue microarray (TMA) staining.  We 

could then use our list of candidate OS genes as an enriched data set to 

focus our analysis on the results of data generated from human OS tumors.   

Comparative genomics is clearly a powerful technique to validate 

candidate OS genes but the results are still not definitive of whether the 

misregulated gene has functional significance in the genesis or progression of 

OS.  Functional validation using human OS cell lines is the most obvious 

method to validate candidate genes.  However, much of the genetics of these 

cell lines remains unknown, even with exon re-sequencing and mRNA 

expression data that is readily available (Barretina et al., 2012).  As the cell of 

origin of OS is believed to be the osteoblast (OB), the ideal system to validate 

candidate OS genes would likely be a normal immortalized OB cell line.  No 

such line is currently available and the development of such a line would be a 

huge asset to the field of OS research.   

Validating ERAS as a novel oncogene in OS 

One of the genes that I am most interested in validating from our SB screen is 

ERAS.  This gene is extremely understudied and seemingly elusive to 

validation as a cancer gene.  We have performed RT-PCR for ERAS on 4 

commonly used OS cell lines (U2OS, HOS, MG-63, and SaOS2) and found 

that it is highly expressed in U2OS and HOS and lowly expressed in MG-63 

and SaOS2.  Thus, this gene is truly expressed in human cells and in fact 

differentially expressed across OS cell lines (data not shown).  Currently, I am 



	   216	  

using TALENs and the co-transposition method, with the inducible cCDA 

rescue method proposed in chapter 4, to remove the entire ERAS gene in 

HOS and U2OS cells.  We plan to use these condition ERAS KO cells to 

functionally show that ERAS is an oncogene in human OS. 

Generation of a normal immortalized OB cell lines 

Normal immortalized cell lines are currently commercially available for many 

different cell types including, colon epithelial, oligodendrocytes, fibroblasts, 

and mammary epithelial (Whitehead et al., 1993; Foster et al., 1993; Morales 

et al., 1999; Soule et al, 1990).  These lines are generally immortalized with a 

combination of genes that included human telomerase reverse transcriptase 

(hTERT).  For instance, a normal human Schwann cell line was generated 

using a viral vector containing hTERT and a constitutively active CDK4 gene 

(Rahrmann et al, in preperation).  Normal human osteoblasts are 

commercially available as viable cell lines with very limited replication 

potential (~10 cell doublings) from Promo Cell®.  However, it is not clear if 

hTERT alone is sufficient to produce immortalized OB cells and if other genes 

are required it is not obvious what might be optimal to maintain a ‘normal’ 

phenotype.  Testing various combinations of previously reported 

immortalizing gene combinations with subsequent analysis of tumorigenicity, 

proliferation rate, karyotyping, and gene expression profiling could potentially 

be performed to generate a normal immortalized OB line.  

Modeling human OS with multigene vectors 
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Modeling de novo cellular transformation and tumor development using 

normal human cells has the potential to be a highly useful research tool for 

testing new cancer treatments.  In fact, it is known that normal human cells 

can be transformed using a specific set of 6 genes (Naini et al., 2008; Linardic 

et al., 2005; Kendall et al., 2005).  It was demonstrated that normal myoblasts 

or mammary epithelial cells could be transformed with a combination of six 

genes including, HRASG12V, c-MYCT58A, hTERT, CD1, CDK4R24C, and a TP53 

dominant negative.  Expression of all six genes was accomplished using 

serial viral transduction with 3 viruses each encoding two of the six genes.  

Interestingly, they found that transformation was dependent on HRASG12V, as 

they observed no growth in soft agar with the other five genes in combination.  

Thus, this gene combination would be an obvious first choice for attempting to 

model OS in normal human OB cells.   

Once fully functional and validated as a robust model of cellular 

transformation and tumor development in OB cells, one or more of the core 

set of genes used could be replaced with candidate cancer genes to identify 

genes capable of the same functional outcome.  This would be a technically 

simple and rapid process using the RecWay vector assembly method 

described in chapter 3.  Further, this could be especially interesting when 

investigating modifier genes rather than driver genes, as it seems that there 

are a vast number of modifier genes in cancer, whereas the number of frank 

cancer drivers is seemingly few.  Lastly, instead of swapping out a core 

transformation gene with a candidate gene, SB mutagenesis could be 
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performed in cells lacking a key gene to identify new genes that can 

substitute for the core gene removed in an unbiased fashion.  However, for 

this to be accomplished a robust method for SB mutagenesis in cultured 

human cells would be needed. 

Future directions III – SB mutagenesis in cultured cells 

SB mutagenesis in cultured human cells would allow for the identification of 

genes involved in numerous phenotypes, and unlike screens in mice would 

be directly implicated in human cells avoiding cross species differences.  

Although not presented in this thesis, for the sake of space, I have also 

developed an in vitro transposon mutagenesis system.  Recombinase based 

methods were used to generate a plasmid based concatemer of 6 mutagenic 

transposons.  This plasmid also harbors the epstein bar virus EBNA1 cDNA 

and OriP DNA sequence needed for replication and maintenance in human 

cells (Reisman and Sugden, 1986; Yates et al., 1985; Yates et al., 1984).  

Cells stably expressing the EBV episomal concatemer can harbor up to 20 

copies of the vectors, or 120 mutagenic transposons (Wang and Sugden, 

2008).  Many labs, including our own, are currently implementing this system 

to identify genes involved with cell transformation, drug resistance, and 

metastasis. 

In the future I would like to develop integratable versions of mutagenic 

transposon concatemers.  To this end, we would adapt the RecWay assembly 

strategy to create custom concatemers with predisposing backgrounds 
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engineered into the same vector.  For instance, if we were to successfully 

generate a normal immortalized OB cell line, we could engineer a concatemer 

of mutagenic transposons along with the SB11 cDNA and TP53 dominant 

negative allele using RecWay assembly and screen for genes that induce 

osteosarcomagenesis directly in the human precursor cell.  Using this 

strategy, one can imagine performing SB screens in many of the available 

normal immortalized human cell lines with a well known predisposing 

background from that cancer type.  Moreover, this system could be used 

without any predisposing background as has been done with some successful 

SB cancer screens in mice. 

Future directions IV –More genome engineering with TALENs 

TALENs are an extremely exciting technology for targeted genome 

modification for seemingly endless uses.  We have begun to develop 

methods for validating candidate cancer genes in human cells using TALENs 

to inactive the candidate gene or removing the gene completely using two 

pairs of TALENs.   

Alternative TALEN delivery formats 

The most common method of delivering TALENs, or any other engineered 

nuclease, is by far plasmid transfection by Lipofection or electroporation.  

However, it has been shown that mRNA delivery of TALENs is a much more 

robust method for inducing DSBs (Dr. Dan Carlson-Personal communication).  

In addition, the use of mRNA likely removes the added stress placed on the 
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transfected cells of transcribing mass amounts of TALEN mRNA when using 

plasmid-based delivery is used.  Thus, we plan to use in vitro transcribed 

mRNA encoding TALENs in combination with our co-transposition methods.  

This delivery method will likely increase the rate of DSBs and subsequent 

generation and isolation of KO cell lines.  In fact, our collaborators have 

preliminary results demonstrating that this is the case (Dr. Dan Carlson-

Personal communication). 

Although mRNA delivery of TALENs holds the potential to be a more 

robust method than plasmid delivery, the time and effort needed to generate 

in vitro transcribed mRNA is substantial; especially with larger cDNAs like 

TALENs.  Further, mRNA is highly susceptible to degradation by RNases, 

even with proper long-term storage.  Thus, we have begun working on the 

other potential source of TALENs, namely protein delivery.  It has been 

shown that in vitro transcribed and translated TALENs are functional when 

combined with plasmid DNA encoding their specified DNA binding sequence 

(Mussolino et al., 2011).  Further, it has been shown that a portion of the 

Human immunodeficiency virus (HIV) Tat protein can be fused to proteins and 

allows for uptake by cells in culture and even in vivo using systemic delivery 

in mice (Kaplan et al., 2005; Schwarze et al., 1999).	   This domain has since 

been termed a protein transduction domain and other similar domains have 

been identified in Drosphila (Antennapedia) and Herpes simplex virus 1 

(HSV-1) (VP22) (Suzuki, 2012).  Tat tagged transcription factors have even 

been used to create induced pluripotent stem (iPS) cells (Zhou et al., 2010).  
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Thus, we have generated Tat tagged TALENs and are currently working with 

collaborators to produce and purify these proteins using insect cells.  

Generating transgenic mice using TALENs 

Pronuclear injection of ZFN encoding mRNA has been used to generate KO 

mice and rats previously (Geurts et al., 2009).  Further, it was recently shown 

that Knock-in transgenic mice and rats can be generated by pronuclear 

injection of ZFNs and plasmid targeting vectors (Cui et al., 2011).  To date, 

TALENs have been used to make KO rats using pronuclear injection, but 

TALEN KO mice have not been described.  We have designed and validated 

TALENs targeting the mouse Tyrosinase gene to test the feasibility of using 

TALENs to generate KO mice.  Tyrosinase controls the production of melanin 

and when mutated in mice the animals have a white coat color	  (Tamate et al., 

1989).  In fact, a well-known mutation in Tyrosinase is responsible for the 

white coat color of FVB mice (Yokoyama et al., 1990).  Thus, we plan to 

implement our Tyrosinase TALENs by pronuclear injection, delivered as 

mRNA and/or protein, with or without repair template in both BL/6 and FVP 

embryos to generate KO and Knock-in transgenics.  

VI. Summary 

In Summary, this thesis was  successful in accomplishing the goal of 

identifying osteosarcoma development and metastasis genes using SB 

transposon mutagenesis in the mouse.  We were also able to begin validating 

the identified OS genes functionally in cultured human cells using over 
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expression studies and in human tumor samples using comparative genomics 

approaches.   Another part of this thesis was to develop and implement novel 

methods for validation of identified candidate cancer genes.  This goal was 

also met by the advent of a novel method for the assembly of multigene 

vectors, RecWay assembly, and methods for single step generation and 

isolation of knock out cell lines using engineered TALENs.  These new 

technologies and methods set the stage for many future experiments for 

validation of candidate cancer genes from this and other SB forward genetic 

cancer screens. 
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