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ABSTRACT 
 

Traditionally, a virus with genes of interest is generated to integrate its cargo into the host 

genome.  More recently however, has been the advancement of harnessing the ability of naturally 

occurring transposases and constructed plasmids to cut and paste genes of interest into the host 

genome, also creating genetically modified organisms.  A transposase is a protein that has 

specific recognition sequences that it binds to; cuts out all DNA (to be the transposon) in 

between these two flanking recognition sequences and then inserts it into the host chromosomal 

DNA.     The goal of this work was to create a new method of gene delivery in embryos, by 

injecting purified hyperactive piggyBac transposase (HyPBase) into embryos, instead of the 

DNA that codes for it, thereby excluding the time needed for transcription and translation to 

occur.    

We first created a HyPBase vector with a histidine tag to aid in the transposase protein 

detection by antibody.  Then we produced a stable HyPBase expression cell line by transfecting 

human embryonic kidney (HEK) cells with our cloned vector. The resulting protein was then 

purified using streptavidin resins according to a tandem affinity purification (TAP) protocol.  

The purified HyPBase protein was then injected into mice embryos by pronuclear 

microinjection, cytoplasmic microinjection and intracytoplasmic sperm injection methods.  The 

2-cell stage embryos were transferred to surrogate mothers and 2 of 17 live pups were transgenic.  

This will result in more rapid gene delivery, and lower the percentage of mosaicism in transgenic 

animals. 
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1. INTRODUCTION 

It was Barbara McClintock who first characterized what she called “jumping genes”.  

Working as a cytogeneticist in the 1920’s, before the genetic code or the double helix structure 

of DNA was even known, McClintock contributed greatly to the understanding of the workings 

of chromosomes while working with maize.  Her theory of the mobility of genetic elements was 

disregarded for almost 40 years, until proof of transposable elements were found in other species.  

She won the Nobel Prize in Physiology or Medicine at the age of 81 in 1983 (1).  Many scientists 

have stood on the shoulders of her discovery, and because of her, the field of genetic 

manipulation through the use of transposable elements has thrived.   

It is now known that there are many transposons found in nature, across many species 

including insects, bacteria and vertebrates.  Recent studies have suggested that even though once 

seen as ‘junk DNA’, transposable elements play a crucial role in human gene regulation.  It was 

found that up to 44 percent of our open chromatin is made of transposable elements, lending 

credit to the fact that they hold great transcriptional importance (2).  Perhaps most significant, is 

the relatively newly harnessed ability of scientists to use the predictable behavior of transposable 

elements to their advantage.  With the ability to introduce novel genes into a genome, advances 

towards gene therapy, mutational analysis, disease model research and biomedical discoveries 

are inevitable.  Animal transgenesis has also become a very promising field, from the 

introduction of a phenotype for research that might lead to a cure in humans, to the introduction 

of desirable traits for production and consumption; this is where we were hoping to apply our 

research. 
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Armed with the knowledge of the transgenic ability of transposons, in 2006 Stefan 

Moisyadi compared the efficiency of genomic integration into mammalian cells of four known 

class II transposases; piggyBac, Sleeping Beauty (SB), Tol2 and Mos1.  It was found that 

piggyBac had a significantly higher integration rate compared to the others and left no ‘footprint’ 

upon excision, and could be removed if necessary (3).  Which led to the conclusion that 

piggyBac isolated from the moth Trichoplusia ni, was the best candidate gene to use in further 

mammalian transgenic research.  Concurrently, Nancy Craig’s lab created a hyperactive version 

of piggyBac, differing by only seven amino acids but having a 17-fold and 9-fold increase in 

excision and integration, respectively (4).  This version of the piggyBac transposase, called the 

HyPBase, is the version of the gene that was used in this thesis work (Figure 1). 

 With the ability of class II transposases to ‘cut and paste’ segments of DNA from one 

genome to another through the use of a single protein, they have become an invaluable tool for 

the molecular scientist.  Traditionally, viruses were the most popular vectors for gene 

integration; but in comparison, transposon-mediated DNA delivery is less costly, less hazardous, 

has larger cargo capacity and will eventually be able to be marketed for human gene therapy 

trials once the mechanisms for gene targeting can be optimized (5-7).  Considerable research has 

gone into the creation of the optimal transposon gene delivery system.  At first, a two plasmid 

approach utilizing a ‘donor’ plasmid containing the gene of interest flanked by the specific 

recognition sequence, and a ‘helper’ plasmid coding for the transposase, was co-transfected into 

the host (8).  This strategy often had genotoxic effects, since the transposase was continuously 

active and could keep integrating.  Since then, advancements were made and a ‘helper-

independent’ plasmid was created that coded for both the gene of interest and the transposase; 
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and once the transposase excised the gene of interest, it truncated its coding DNA, thereby 

negating post-transpositional activity (8). 

Both of these strategies rely on the actions of the transposase.  It was our theory that if we 

could purify the protein adequately and keep it in its biologically active form, that it would be 

sufficient to act on a donor plasmid containing the transposon to integrate the exogenous genes 

into a host genome.  This novel approach was based on the fact that protein is the final product of 

DNA transcription and mRNA translation.  Therefore, the purified transposase protein would 

start excision and integration immediately, without the need for time costly transcription and 

translation in embryos that these processes are already delayed (such as livestock). 

There were many ways to purify a protein, but not all of the methods preserve the native, 

biologically active, form.  In this thesis, we identified a method using affinity tags to purify the 

piggyBac transposase in its active form with the goal of eventually using this protein for ICSI 

mediated transgenesis. 
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Figure 1.  The life cycle of piggyBac transposase 

 

 

 

 
 
Class II transposons work by a ‘cut and paste’ mechanism.  The transposase protein recognizes 
specific inverted terminal repeats that it binds to and excises the flanked DNA.  The transposome 
then targets the same specific inverted terminal repeats in a separate location in the genome and 
integrates the previously excised DNA into the new location. 
Adapted from: 
http://en.wikipedia.org/wiki/File:Lifecycle_of_the_Piggybac_Transposon_System.png  
 
 
 
 
 
 

http://en.wikipedia.org/wiki/File:Lifecycle_of_the_Piggybac_Transposon_System.png
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2. MATERIALS AND METHODS 

Plasmid Construction: pNTAP+HyPBase  

The pNTAP expression vector was purchased from Stratagene (Cat# 240107).  The 

hyperactive piggyBac (HyPB) gene from pCMV-hyPBase provided by the Sanger Institute, was 

inserted into the pNTAP multiple cloning site (MCS) with its 5’ end adjacent to the streptavidin 

and calmodulin affinity tags, in reading frame with the upstream human cytomegalovirus (CMV) 

promoter.  This was accomplished using the SrfI and HindIII restrictions sites.  Adjacent to the 

5’ end of the streptavidin binding protein (SBP), a 6-histidine tag was inserted as a duplex for 

subsequent antibody detection.  Clones were selected by kanamycin resistance.  

 

Plasmid Construction: Sleeping Beauty Donor Plasmid 

The entire HyPBase cassette, including the CMV promoter and poly-A tail was excised 

from the previously constructed pNTAP-HyPBase plasmid, and cloned within the TATA 

Sleeping Beauty (SB) recognition sequences of a new plasmid (pT2/HB Hygro UAS 2xTTAA 

inF-2) at the NheI restriction site by Gibson Assembly.  Clones were selected by hygromycin 

resistance. 
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Cloning Techniques 

Primers were created using the software Vector NTI, a product of Invitrogen and ordered 

through Integrated DNA Technologies (IDT).  All restriction endonucleases were purchased 

through New England BioLabs.  Polymerase chain reaction (PCR) was used to amplify all 

inserts.  For all constructed plasmids, phosphorylated insert and dephosphorylated vector were 

digested with corresponding endonucleases and then ligated over night.  The ligation was then 

electroporated into DH10β electrocompetent E. coli cells or transfected into HEK293T cells and 

plated with the appropriate selection antibiotic.  Clones were then tested for the insert by colony 

PCR and DNA gel electrophoresis.  Positive clones were purified using the protocol of the 

Zyppy Plasmid Miniprep Kit (Zymo Research Cat# D4019) and were sent for sequencing to 

ensure proper integration.  Upon confirmation of sequence against Vector NTI, one clone was 

chosen and purified following the protocol of the EZgene Plasmid Maxiprep Kit (Biomiga Cat# 

D1511-02). 

 

Stable Cell Line Transfection 

A stable cell line was created by using a helper-donor two plasmid approach.  A ‘helper’ 

plasmid carrying the gene for Sleeping Beauty transposase was co-transfected with the 

previously constructed ‘donor’ plasmid carrying the HyPB gene cassette flanked by the SB 

transposase recognition sequences.  6ug total of plasmid (2:1 ratio; donor to helper) was 

transfected into human embryonic kidney (HEK293T) cells with X-tremeGENE 9 DNA 

Transfection Reagent (ROCHE Cat# 06365787001) according to the manufacturer protocol.  The 

mixture was then divided among 2 wells of a 6 well plate and incubated at 37°C.  A stable cell 
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line was established after the cells were maintained in DMEM + 10% FBS for 4 weeks and 

selected for by hygromycin antibiotic resistance. 

 

Protein Purification: Histidine Purification 

Human embryonic kidney (HEK-293T) cells were transfected with pNTAP-

HyPBase+His.  4ug of plasmid was added to the cells with 4mL of growth media.  The mixture 

was then divided among 2 wells of a 6 well plate and incubated at 37°C for 48 hours.  The cells 

were harvested, centrifuged at 2000rpm for 7 minutes at 4°C.  Protease inhibitor (Calbiochem 

Cat# 539134) and lysis buffer was added to the pellet, and then sonicated for 10 second intervals, 

three times.  The lysate was centrifuged at max speed for 10 minutes at 4°C.  The supernatant 

was collected and processed according to the Qiagen Ni-NTA Spin Kit (Cat# 31314) protocol.  

Instead of 2 washes, we washed the columns 5 times with increasing amounts of imidazole, from 

10mM to 30mM.  The elution buffers were 250mM imidazole and 500mM imidazole. 

 

Protein Purification: Tandem Affinity Purification (TAP) 

The following protocol was adapted and optimized from the InterPlay Mammalian TAP 

System (Cat# 240107) provided method.  All steps were carried out on ice or at 4°C.  

Approximately 4x107 cells stably expressing HyPBase were harvested and centrifuged at 

2000rpm for 7 minutes at 4°C.  20uL protease inhibitor (PI) (Calbiochem Cat# 539134) 20uL 

PMSF and 2mL lysis buffer were added to the pellet, and then sonicated for 10 second intervals, 

three times.  The crude lysate was centrifuged at 16,000 x g for 10 minutes and the supernatant 
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was collected.  To each mL of lysate, 4uL of 0.5M EDTA and 0.7uL of 14.4M β-

mercaptoethanol (β-ME) were added.  The streptavidin resin was prepared by centrifuging 

200uL of provided 50% streptavidin resin slurry at 1500 x g for 5 minutes.  It was then washed 

(twice) by adding 1mL of provided streptavidin binding buffer (SBB), centrifuged at 1500 x g 

for 5 minutes and the supernatant was discarded.  The resin was then added to the lysate, along 

with 20uL of both PI and PMSF.  The mixture was rotated at 4°C for two hours to allow the 

protein to bind to the resin.  The resin was collected by centrifugation at 1500 x g for 5 minutes.  

A small aliquot of the discarded supernatant was removed for later western blot analysis to check 

for binding efficiency.  The resin was washed (twice) with 1mL of SBB by rotating the tube for 5 

minutes at 4°C, the supernatant was discarded after centrifugation at 1500 x g for 5 minutes.  

2uL of both PI and PMSF and 200uL of provided streptavidin elution buffer (SEB) were added 

to the resin and rotated for 30 minutes at 4°C.  The elution was centrifuged at 1500 x g for 5 min 

and the supernatant containing the purified hyperactive piggyBac transposase was collected and 

kept on ice until injection (Figure 2).  
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Figure 2.  Schematic diagram of pNTAP purification protocol 

 

 

 

 

 
 
HEK293T cells were lysed and the cell debris was discarded.  The supernatant was further 
treated with streptavidin resin to bind the tagged HyPBase, and the contaminating proteins were 
washed off and discarded.  The purified protein was then eluted from the resin. 
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Western Blot Analysis 

Samples were prepared by adding 5X SDS, boiling for 10 minutes and centrifuging at 10,000 

x g for 1 minute.  Samples were loaded onto a Criterion pre-cast acrylamide gel (Bio-Rad Cat# 

345-9950) within a Criterion electrophoresis cell (Bio-Rad Cat# 165-6001) and ran for 1 hour at 

160 volts.  In some experiments, a Coomassie stain was run on the gel to check for the 

appearance and purity of the purified protein and no further steps were carried out.  In all other 

instances, a cassette including blotting paper, a nitrocellulose membrane and the acrylamide gel 

was loaded into a Criterion blotting chamber (Bio-Rad Cat# 170-4071) and allowed to run 

overnight at 100 mA.  The next day, a Coomassie stain was run on the gel and a Ponceau S stain 

was run on the membrane to determine protein transfer efficiency.  The membrane was blocked 

with a 5% milk in 1X PBST solution for 1 hour with constant rocking.  The membrane was 

washed (3 times) with 1X PBST for 5 minutes.  A 1:200 dilution of primary antibody His-

probe(H-3) Mouse Monoclonal IgG. (Santa Cruz Cat# sc-8036) in 1X PBST was added to the 

membrane and allowed to incubate while rocking for 1 hour.  The primary antibody bound 

membrane was washed (3 times) with 1X PBST for 5 minutes.  A 1:2000 dilution of secondary 

antibody Goat Anit-Mouse IgG (H+L)-HRP Human Absorbed (SouthernBiotech Cat# 1031-05) 

in 1X PBST was added to the membrane and allowed to incubate while rocking for 1 hour.  The 

primary and secondary antibody bound membrane was washed (3 times) with 1X PBST for 5 

minutes.  HyPBase was detected by chemiluminescence, using a Pierce ECL Plus Western 

Blotting Substrate (Thermo Scientific Cat# 32134).  All steps were carried out at room 

temperature. 
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Mouse Embryo Injection and Transfer: Animals 

B6D2F1 and CD-1 mice were purchased from the National Cancer Institute.  The protocol 

for animal handling and treatment was reviewed and approved by the Animal Care and Use 

Committee of the University of Hawaii. 

 

Mouse Embryo Injection and Transfer: Intracytoplasmic Sperm Injection (ICSI), Cytoplasmic 

Microinjection and Pronuclear Microinjection 

For ISCI, matured oocytes were collected from superovulated B6D2F1 females and 

spermatozoa were collected from the caudae region of the epididymis of a B6D2F1 male.  The 

sperm heads were separated from the tail by applying Piezo-pulses to the neck region.  The tail-

less sperm heads were then mixed with the purified HyPBase protein and transposon-containing 

donor plasmid and injected into 5 oocytes.  The injected oocytes were artificially activated by the 

addition of Ca2+-free CZB medium with incubation at 37°C and 5% CO2 for 30 minutes after 

ICSI.  For cytoplasmic and pronuclear microinjection, a mixture of donor plasmid and purified 

protein (1:10) was injected directly into the cytoplasm or male pronuclei (respectively) of a one-

cell stage embryo.  Oocytes with distinct pronuclei and a second polar body 5 hours after 

injection were considered healthy and were cultured in CZB medium for 20-24 hours.  The 

embryos were then transferred into the oviducts of surrogate CD-1 mothers.  For more detailed 

information on injection and transfer methods, please refer to publication (11). 
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3. RESULTS 

Bacterial expression system 

We first attempted to use a bacterial expression system to produce the transposase HyPBase 

for several reasons.  In contrast to working with mammalian cell lines for protein expression, 

bacterial cultures are less expensive to maintain, and larger quantities are easily generated for 

mass production.  We created a plasmid containing HyPBase and a 6-His tag, utilizing the 

multiple cloning site of the pTriEx-4 Hygro expression vector (Figure 3).  

Once ligated into the vector, the HyPBase+His region was under the control of a T7 promoter 

and lac operator.  This dictated which bacterial variant to use for transfection.  To assure that 

overproduction of the target protein would not be ‘toxic’ to the cell, we chose BL21(DE3)pLysS 

cells as our host.  These cells inhibit the promoter until induced with IPTG, allowing the E. coli 

to multiply without the target gene interfering.  After induction, we allowed the cells to grow 

from 1 to 4 hours.   While initial testing found the protein to be expressed by the plasmid, the 

protein was not found in the soluble fraction (Figure 4). 

This was problematic, since it was imperative for the protein to be soluble for further 

purification and for subsequent enzymatic activity.  We thought that perhaps the initial 

concentration of protein was too low, so we increased the induced sample size from 500uL to 

50mL of culture.  Western blot showed a very faint band of HyPBase in the soluble fraction and 

extremely visible and degraded bands in the pellet. 

Because concentration did not appear to be a factor, we next tested whether the cell wall was 

not being incompletely lysed and the protein was not being released.  We used different methods 

of lysing the bacterial cells walls.  First, we tried multiple lengths of sonication at 30 second 
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intervals; from a total of 5 minutes to 10 minutes, resting on ice for 1 minute in between.  The 

results still showed most of the protein in the non-soluble fraction.  Next we tried manually 

crushing the cells by mortar and pestle using liquid nitrogen, but this did not produce soluble 

protein either.  Lastly, we ran the cells through a denaturing purification protocol, where all of 

the protein would be denatured (not in biologically active form).  Our protein was finally present 

after elution, but was extremely degraded and of poor quality.   

We concluded that our methods for cell lysis were insufficient and/or our protein was 

sequestered in inclusion bodies.  Inclusion bodies can be found in bacterial cells when proteins 

form aggregates, usually because of foreign microenvironments if the protein is not native to the 

cell. 
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Figure 3.  Original plasmids for HyPBase construction   

 

 

 
a) pCMV-HyPBase.  The original source of HyPBase to be cloned into both bacterial and 
mammalian plasmids. b) pNTAP_A. The mammalian expression vector containing SBP and 
CBP affinity tags. c) pTriEx4 Hygro.  The bacterial expression vector to be induced through the 
addition of IPTG.  
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Figure 4.  Western blot analysis of bacterial expression system 

 

 

 

 

After induction, our goal was to see in what fraction (crude, pellet or supernatant) our protein 
was found.  As it was found in the crude and pellet, the IPTG worked and HyPBase was being 
produced.  It was not found in the supernatant, meaning that the lysis was incomplete or that the 
protein was bound in inclusion bodies.  Anti-His antibody was used for detection.  1) Uninduced 
sample taken after 4 hours of growth (neg. control). 2) Histidine vector (pos. control). 3) Crude 
lysate after sonication. 4) Supernatant after centrifugation. 5) Pellet after centrifugation. 6) 
Magic Mark ladder (kDa). 
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Mammalian Expression System  

Mammalian cells do not form inclusion bodies.  Moreover, the likelihood that the protein 

would be in the correct three dimensional structure was higher if the protein was produced in 

mammalian cells.  The correct sequence for pNTAP+HyPBase was confirmed through restriction 

digest and subsequent PCR sequence analysis.  The next step was to run a western blot analysis 

to confirm that the HyPBase protein was being produced 48 hours after the plasmid had been 

transfected in to HEK293T cells.  Ponceau S staining showed positive for protein product at the 

correct size of 78kDa, but after piggyBac antibody staining there was consistently no product 

present.   We eventually confirmed that the antibody we had been using was a non-purified 

mouse monoclonal antibody to the original piggyBac, not the hyperactive version which is 

modified by 7 amino acids.   To test whether the gene produced the correct protein, we 

constructed another vector with a HyPB transposon ‘donor’ plasmid carrying the gene for GFP.  

We transfected HEK293T cells with our construct as the ‘helper’ and the cells continued to 

fluoresce after four weeks of antibody selection, proving that our transposase was being 

produced (Figure 5).   
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Figure 5.  Fluorescing HEK293T cells 4 weeks after transfection  

 

 

 

 

  

Utilizing the helper-donor two plasmid method, we transfected HEK293T cells with pNTAP-
HyPBase (helper) and pXLBAC-EGFP MAP (donor) plasmids to verify that our construct was 
producing hyperactive piggyBac transposase.  The transposon contained EGFP, which continued 
to make the cells fluoresce after 4 weeks of antibiotic selection, proving our transposase was 
biologically active. 
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Once the transposase production was confirmed, we needed a new way to detect the protein, 

so we inserted a 6-histidine tag at the 5’ end of the streptavidin binding protein (SBP) using a 

duplex primer.  Again, there was no detection after western blot analysis.  The new His 

containing plasmid was sent to two different sequencing labs and both confirmed that the primers 

used for the His duplex were constructed incorrectly by the manufacturer (it was missing the 

start sequence ‘ATG’).  New primers were created and sent to us.  Finally, with the correct 

construct and the correct (anti-His) antibody, the protein was detected through western blot 

analysis (Figure 6). 
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Figure 6.  Western Blot analysis of HEK293T cells transfected with pNTAP-HyPBase+His 

 

 

 

Confirmation that HyPBase was being produced in mammalian cells 48 hours after transfection, 
through the detection of a newly inserted 6-histidine tag using an anti-his antibody.  1) Magic 
Mark Ladder (kDa). 2) Positive histidine control 3-4) Purified HyPBase 250mM imidazole 5-6) 
Purified HyPBase 500mM imidazole 
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Upon confirmation of the production of the target protein HyPBase, a stable cell line 

needed to be produced using the helper-donor two plasmid approach.  The ‘helper’ and ‘donor’ 

plasmids needed to contain a transposase other than hyperactive piggyBac, otherwise the ‘cut and 

paste’ mechanism so paramount to insertion would work against itself, cutting back out the gene 

once integrated.  To ensure this didn’t happen, we choose to use the transposon Sleeping Beauty 

(SB) (Figure 7).  The SB transposase recognized and bound the TATA sequences of the donor 

transposon-containing plasmid creating a synaptic complex, and after excising the HyPBase 

cassette, the transposome found the recognition sequences within the genomic DNA and inserted 

the entire HyPBase cassette to be expressed by all cells henceforth.  The stable cell line was 

confirmed by western blot analysis. 

After the establishment of a stable cell line proven to produce HyPBase, we could 

proceed with the isolation of the HyPBase.  Throughout purification, many aliquots were taken 

to monitor: 1. Where (if) the protein was being lost, 2. The efficiency of binding and eluting, and 

3. The purity of the final product.  After the first purification attempt, it was found that no 

protein was present following the calmodulin elution, the final step in the procedure.  Looking 

back through the aliquoted samples at different steps in the protocol, it looked like the biggest 

problem was low binding efficiency of the transgenically produced HyPBase to streptavidin 

resin.  The protein was clearly present in the original supernatant after cell lysis, but then was 

lost during streptavidin binding.  The resin failed to bind most of the protein and therefore was 

lost in the supernatant after centrifugation.  From that point forward, there was such a low 

concentration of protein to work with, that it wasn’t detectable.  With the results of this first run, 

optimizations were made to the protocol to improve binding efficiency and protein retention.  Of 

note, the amount of resin used was doubled and the purification was ended after the streptavidin 
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elution.  To check if the protein was present and to assess whether or not the protein was pure 

enough at that point to not continue through the calmodulin steps, a Coommasie stain of the gel 

was created (Figure 8).  It showed that HyPBase was present after the streptavidin elution and 

that it seemed pure enough to end the purification at that point. 
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Figure 7.  Plasmids used for creating a HyPBase stable cell line 

 

 

 

 

 

The entire HyPBase+His cassette (a.) was cloned into a Sleeping Beauty donor plasmid (b.) 
through PCR, and Gibson assembly.  The newly created plasmid was then co-transfected with a 
SB100X transposase helper plasmid at a 2:1 (ng) ratio into HEK293T cells.  
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Figure 8.  Western blot analysis of HyPBase transfected HEK cells to confirm stable 

expression 

 

 

 

 
 
After 4 weeks of antibiotic selection, the HyPBase transfected HEK293T cells were harvested, 
purified according to the TAP protocol and detected by anti-his antibody.  1) SBP resin 2) 
Original supernatant 3) Supernatant after SBP binding 4) Pure HyPBase after SBP elution 
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Figure 9.  Coomassie stain of HyPBase to confirm presence and purity 

 

 

 

 
After purification and electrophoresis, the gel was stained with Coomassie Brilliant Blue 
(Imperial Chemical Industries) to confirm that the pNTAP protocol could be completed after the 
streptavidin elution.  Both pictures are of the same gel at different contrasts.  1) Kaleidoscope 
ladder (kDa) 2) Original supernatant after cell lysis 3) Supernatant after resin 4) Purified 
HyPBase after streptavidin elution. 
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Before injecting the isolated protein into mouse embryos, a blank injection was 

performed with the associated buffers to ensure that they would not harm the zygotes.  Five 

embryos each were pro-nuclear injected with either streptavidin or calmodulin elution buffer, 

as this would be the solution in which the protein would be in after purification.  During the 

injection of the streptavidin, something in the proprietary solution caused the oolema to 

immediately dissolve where the syringe touched.  However, while only 1 of 5 calmodulin 

injected embryos made it to blastocyst stage, all 5 streptavidin injected embryos developed 

appropriately.  We therefore proceeded with the streptavidin procedure to purify HyPBase 

for injection. 

The protein was purified on the day of injection immediately prior to use.   This was to 

reduce the chance of degradation and enhance the integrity of the protein.  Every method of 

injection (pro-nuclear, cytoplasmic and intracytoplasmic sperm injection) produced viable 

florescent 2-cell stage embryos. The surviving embryos were then transferred into surrogates.  

Only two of the resulting pups fluoresced.  One showed variegated expression of GFP 

(mosaic), while the other appeared to be fully transgenic (Figure 10). 
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Figure 10.  Results of embryo protein injection 

 

Transgenic Method No. Embryos 

Injected 

No. Embryos 

Transferred 

No. Live Pups No. EGFP Pos 

Pups 

PNI 40 38 9 1 

CTI 20 20 8 1 

ICSI 6 6 0 0 

 

 

 

Pronuclear injection- 38 2pn stage embryos were transferred into 2 surrogate females.  Nine pups 
born total, 1 pup showed variegated expression of GFP.  Cytoplasmic injection- 20 2pn stage 
embryos transferred into 2 surrogate females.  Eight pups born total, 1 pup full GFP (pictured).  
ICSI- 6 one cell stage embryos transferred into 1 surrogate female, zero pups born total.  For all 
surrogate pseudo pregnant mice, CD-1 mice were used.  B6D2F1 mice were used for sperm and 
oocytes 
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4. DISCUSSION 

The results of this experiment appear to be ambiguous, leaving room for the possibility that 

with more time and resources, our novel method of gene delivery is possible.  The fact that live 

pups were born leads us to believe that the purified protein in solution and at a 10:1 

(protein:plasmid) molar ratio was not toxic to the embryo.  And since two of the pups were 

transgenic, one could speculate that the hyperactive piggyBac transposase did in fact facilitate 

gene integration into the mouse genome.  We cannot say for sure, since another possibility could 

be random nontranspositional integration; a phenomenon where the entire plasmid or parts of it 

get integrated into the host genome, not due to transpositional activity (9).  To prove or disprove 

this, PCR analysis could be performed on the fluorescing pups by creating primers from different 

locations on the donor plasmid.  If the transgenesis was due to transpositional activity, the PCR 

product should show the recognition sequence and transposon sequence only and no vector 

backbone.  Along this same line of thought, if the transposase protein was not active and capable 

of integration, then the reason for the glowing embryos at blastocyst stage could have been solely 

due to the EGFP-containing plasmid being present and replicating in most of the cells throughout 

division.  In any case, two GFP positive pups out of 66 injected embryos is not a high enough 

success rate (3 percent) to call it a viable method of gene delivery in this experiment. 

The most logical next step would be to create an antibody to HyPBase to follow its activity.  

After all of the manipulations the protein is put through during and after purification, we had no 

way of knowing if it was still in its biologically active form.  It could have denatured or had a 

conformational change from handling and/or the substances in the purification kit.  One 

possibility for future analysis would be to use lipid transfection.  This would have been an easy 
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way to determine, if after purification, the protein was active (through the use of an EGFP 

containing donor plasmid) in HEK cells, without having to use costly embryos.   

The long term goal of developing this novel method of gene delivery is to aid in the 

engineering of genetically modified livestock such as cattle, pigs and sheep.  By introducing 

desirable traits through recombinant DNA technology, these GE animals have great potential to 

humans, nutritionally, environmentally and medically.  For example, the first FDA approved 

biothereputic GE animal product was a difficult to manufacture anticoagulant called 

antithrombin, purified from goat milk (10).  Unfortunately, there are two obstacles to overcome 

when introducing genes to livestock, the first is that these animals have lipid inclusions in their 

oocytes and one-cell embryos that make traditional injection methods problematic since the 

nuclear structures cannot be visualized (11) (Figure 10a).  A method of centrifugation has been 

shown effective at revealing the pronuclei for subsequent injection, but any amount of embryo 

manipulation could have deleterious effects and would be best if kept at a minimum (12, 13).  

For this reason, in future research, ICSI or CTI would be the preferred methods to optimize since 

they don’t rely on pronuclear visualization.  The second obstacle is that transcription does not 

start until the 4 to 8-cell stage, in contrast to mice and human embryos that start after the first 

cleavage (14, 15).  Since our technology is based on the use of a transposon, by the time the 

transposase is translated and active, the cells have already divided and will most likely not all 

have the transgene present, making the animal a mosaic (Figure 10b,c).  This is the basis for the 

use of already purified piggyBac transposase; to decrease the likelihood of mosaicism by starting 

to ‘cut and paste’ immediately, without having to rely entirely on the internal transcription and 

translation of the embryo. 
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Figure 11.  Problems facing livestock transgenesis 

 

 

 

Theoretically, livestock transgenesis will become more efficient once these biological obstacles 
are overcome.  a) A sheep embryo showing lipid inclusions after centrifugation. b) Sheep 
embryos after ICSI, showing mosaisicm. c) Mice embryos after ICSI showing complete 
integration of transgene. 
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5. CONCLUSION 

Although our experiment did not increase the rate of the production of transgenic animals, 

the data presented here do support the hypothesis that injecting the HyPBase protein can produce 

transgenic pups.  We found the mammalian cell-based expression system to be advantageous 

compared to the bacterium cell-based system due to the insolubility of HyPBase in the latter.  

For future research, a more precise protein purification system should be explored; perhaps 

utilizing resin columns.  Also, the biological activity of the purified transposase should be 

confirmed prior to implementing embryo injection.  Due to limited time and resources, we were 

unable to attempt such method improvements, requiring this project to be continued by another 

researcher at a later date. 
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