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Abstract
Science and medicine are merging in development of gene therapy techniques that

will likely become a recognized method for the treatment of human disease within our

lifetime.   The basic goal of gene therapy is to deliver therapeutic genes to target cell

populations, allowing the cells themselves to generate a therapeutic gene product, for

example to provide a gene product which is missing in the patient.  Most of the current

gene therapy trials have been based on the use of viral vectors to deliver therapeutic

genes.  These viral vectors are being used because they have already evolved mechanisms

to efficiently enter cells.  Because of the complications inherent in the use of viruses for

delivery, a nonviral approach would have several advantages if it could achieve similar

levels of efficiency.  To this end, I set forth to characterize the Sleeping Beauty (SB)

transposon system as a potential tool for effective nonviral gene transfer and its eventual

use in clinical gene therapy protocols.  The SB transposon system consists of a DNA

cargo, usually plasmid based, which in the presence of the transposase integrates into

chromosomal DNA.  One of the key concerns for any gene delivery system is its ability

to function in cells that are not dividing, as many cells in the body that are potential

targets for gene therapy are non-dividing.  In a series of in vitro experiments utilizing

various techniques to halt cell division, I determined that cell division is likely not

necessary for SB-mediated integration and expression to occur.  Secondly, when tracking

expression in vivo, it is not possible to distinguish the amount of gene product produced

from integrated vs. nonintegrated transposons.  Differentiating between these two sources

of transgene expression soon after delivery, will allow insight into transposition

efficiency in vivo that can relate to its clinical use.  Using LoxP recombination sites, a
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Cre recombinase inducible mouse strain and transposons carrying a murine erythropoietin

gene (Epo), I was able to silence expression from nonintegrated transposons and quantify

in vivo gene expression specifically from transposed sequences.  Over-expression of

erythropoietin in the murine model became an unexpected problem due to subsequent

erythrocytosis.  Delivery of plasmid DNA to the livers of mice results in an initial spike

of transgene expression and when coupled with the subsequent ubiquitous expression of

the Epo transgene, circulating Epo levels remained greatly elevated, leading to serious

health complications and death.  To circumvent the initial spike of EPO expression, an

inducible promoter was constructed that responds to hypoxic conditions.  In this way,

expression of erythropoietin should be regulated to prevent over-expression.  Insights

gained from these studies will contribute to our understanding of the capabilities of the

SB system and its potential application to the treatment of human disease in the future.
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Chapter 1

Introduction
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Origins of Gene Therapy

Gene therapy can be defined as the treatment of a disease by the modification or

correction of an abnormal gene or gene expression.  The idea of gene therapy is still

relatively new, from a scientific perspective, but has advanced a great deal in a very short

time.  In 1966, a mere thirteen years after Watson and Crick solved its structure [1],

discussions on the concept of using DNA to treat disease began [2].  Eleven years later, in

1977, the first successful gene transfer experiment was performed when a thymidine

kinase (TK) gene was transferred into mammalian TK- L cells [3].  In 1980, the first

recorded gene therapy experiment was performed by Martin Cline when he attempted to

cure two patients with beta-thalassemia. The experiment not only failed, but Cline was

censored by the NIH for conducting an unauthorized experiment [4].  In 1990, the first

gene therapy protocol was approved to treat Ashanthi Desilve, a four year old girl who

suffered from ADA-deficient severe combined immunodeficiency, by giving her back her

own T-cells which had been transduced by a retrovirus carrying a copy of the ADA gene

[5].  Four years later, the first gene therapy protocol to target a specific organ was

approved to treat familial hypercholesterolemia by administering autologus hepatocytes

transduced ex vivo with a retrovirus containing the low-density lipoprotein receptor

(LDLr) gene [6].  The first nonviral gene therapy protocol was also carried out that year

when Gary Nabel used plasmids carrying the HLA-B7 gene to transfect HLA-B7- tumors

[7].  Although there were already over 100 gene therapy clinical trials submitted for

approval to the NIH and FDA by 1995, it wasn’t until the year 2000 that Alain Fischer,

who treated young children diagnosed with SCID-X1 disease, reported the first

successful cure [8].  The following year the number of gene therapy protocols submitted
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to the NIH and FDA for approval hit the 500 mark.  As of 2007, there have been over

1340 gene therapy protocols submitted [9], and yet the field is still waiting for a success

that will finally move the idea of gene therapy out of the experimental realm and into one

of a legitimate medical option, and not just a last resort.

Gene therapy offers the potential for life-long correction of diseases resulting

from genetic defects.  Although this dream has not yet fully been realized, the potential is

clearly there to drastically improve the quality of life for patients who have no other

medical recourse.  The later portion of that statement is critical to understanding the

challenges we face in developing gene therapy protocols that will have the potential for

clinical application.  Addressing the concept of “acceptable risk” in developing new

medical treatments is not a primary point of this thesis, nevertheless, it is a crucial aspect

of gene therapy that should not be overlooked.  Weighing the potential benefits to the

patient, against the potential risks, is part of evaluating each specific case and disease,

resulting in many trials centering around very severe diseases for which there are few

alternative treatments.

Adenosine Deaminase Deficiency

Adenosine deaminase deficiency accounts for approximately 15-20% of children

diagnosed with severe combined immune deficiency (SCID) and is caused by a mutation

in the adenosine deamnase gene located on chromosome 20.  It was among the earlier

genes to be identified and cloned from the SCID family of diseases, resulting in it being

the focus of early gene therapy trials.  In the early 1990s, at least six different trials to

treat ADA-deficient SCID were performed.  These studies focused on using retroviral



4

vectors to transduce autologous peripheral blood T cells or CD34+ hematopoetic

progenitor cells isolated from the blood of ADA-deficient SCID patients [10-14].

Although these studies proved that transduced T cells persisted in several patients for

many years, no significant clinical benefits were reported.  In 2002, a group at San

Raffaele in Milan Italy, used mild busulfan preconditioning following the bone marrow

harvest to create space for engraftment of the returning transduced hematopoietic stem

cells (HSCs) [15].  Immune function, as demonstrated by the presence of antigen specific

T cell responses, was restored within 6 - 9 months and a majority of T, B, and NK cells

contained copies of the engineered ADA cDNA [16].

X-linked Severe Combined Immune Deficiency

The most common form of SCID results from a mutation in the common cytokine

receptor gene (γC), located on the X chromosome.  The frequency of this disease is

between 1/50,000 and 1/100,000 live births and it is primarily found in males.  A clinical

trial was begun in Paris to treat 10 infants with X-linked SCID using a retroviral vector

carrying the γC gene, transducing CD34+ cells isolated from their bone marrow.  Initially

all of the infants treated showed no adverse effects, and within five months 9 of them

regained normal levels of T and NK cells.  They were able to maintain adequate immune

responses and remain outside of protective isolation [8].  This is considered the first

report of a successful outcome from a gene therapy clinical trial, exhibiting detectable

gene transfer associated with an alleviation of symptoms.  About two years following

treatment, two of these children developed T cell leukemia-like symptoms [17].  It was

determined that the retrovirus vector had inserted near the first exon of the LMO-2 gene
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upregulating its expression, which is normally silent in T cells.  This gene is believed to

be an oncogene and its upregulation has been implicated in spontaneous cases of T cell

leukemia.  This is the first report of insertional activation of an oncogene from the

application of an integrating retroviral vector designed for gene therapy.  A total of 26

subjects have been treated for X-linked SCID in a similar manner and of these, 16 have

obtained some clinical benefit from the treatment [18, 19].  One fourth of these patients

have developed T cell leukemia.  Each of these patients was found to have low copy

numbers of the vector (1-4/cell) and three were found to have insertions in or near the

LMO-2 gene.  These clinical trials were placed on hold in January of 2003 as data was

collected and safeguards discussed.  The FDA’s Biological Modifiers Advisory

Committee (BRMAC) met in Febuary and in April of that same year the trials were

allowed to continue on the basis that there is appropriate risk/benefit to the therapy, there

are appropriate consent form documents, and the risk/benefit of alternative therapies is

considered.

Other Disease Candidates for Gene Therapy

Although there are thousands of single-gene diseases including cystic fibrosis,

hemophilia, Hurler syndrome, Huntington disease, and muscular dystrophy, only about

8% of the current gene therapy trials are associated with this class of genetic disease.

The appeal of treating a single-gene disease appears very straightforward.  Replace the

missing gene product by delivering its correctly functioning counterpart to the patient’s

cells, where it can then be produced throughout the lifetime of the cell and its progeny,

correcting the disease symptoms.  Yet the numbers of successes reported in achieving
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even short-term benefits have been few, but they appear to be increasing.  Recently, a

team of doctors in London treated three patients suffering from Leber’s congenital

amaurosis, a form of early-onset severe retinal dystrophy, with adeno-associated virus

(AAV) vector [20].  Of these, one patient showed an improvement in a subjective test of

visual mobility supporting further clinical studies.  The company Neurologix announced

the successful completion of a Phase I trail to treat Parkinsons Disease with an AAV

vector encoding the glutamic acid decarboxylase (GAD) gene into a single hemiphere of

the brain in 12 patients [21].  Even though it was a phase I trial, all twelve patients

showed a combined improvement of 25% in the Unified Parkinson’s Disease Rating

Scale (UPDRS).  While successes are few, there are advances being achieved in current

trials to evaluate safety and efficacy of treating cystic fibrosis, α-1-anti-trypsin

deficiency, muscular dystrophies, lysosomal storage diseases, coronary artery disease,

peripheral vascular diseases, skin disease, Huntington’s disease, alzheimers, hemophilia

and HIV/AIDS (for a complete review see Alexander et al, Aiuti et al [22, 23]).

Gene Therapy to Treat Cancer

The majority of gene therapy clinical trials today, about 66%, focus on the

treatment of cancer.  One possible explanation for the high percentage of gene therapies

for cancer is that many of the patients who qualify for treatment are already terminal with

a poor prognosis.  Since gene therapy is still typically seen as a last resort, the number of

these cases far outpaces any other untreatable disease. One of the earliest experiments for

gene transfer in cancer was performed by Steven Rosenberg with a tumor infiltrating

lymphocyte (TIL) marking study [24].  In 2003 the first, and only, gene therapy product
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was approved for sale in China.  This adenovirus carrying a p53 gene (Ad-p53) was

called Gendicine and was used to treat hepatocellular carcinoma (HCC), nasopharyngeal

carcinoma (NPC) and various other cancers including gastric, liver, lung, breast, and

ovarian [25].  Although the company producing Gendicine claims that more than 4000

patients have been treated by 2006, the effectiveness of this treatment has yet to be

established [26].

Gene therapies to treat cancer differ from “gene replacement” therapies in that

their ultimate goal is generally focused on the destruction or inactivation of tumor cells.

There are two basic strategies that cancer gene therapies can take.  One is to target the

cancer cells directly. The other is to modify the host in some way, allowing other

methods of chemotherapy or tumor cell destruction to be more effective. From the

earliest experiments 17 years ago to genetically tag tumor cells and track them [24, 27], a

great deal of information from these two approaches has been obtained to improve gene

therapy treatments for non-cancer diseases as well.  In several ways, a population of

tumor cells can be seen as a target tissue. Delivery and expression of a therapeutic gene

in these cells will lead to attenuation of disease symptoms.  Because a common mutation

in cancer cells is the loss of tumor suppressor genes, identification of these mutations and

subsequent replacement of the damaged gene is one approach that has been tested.  In

these cases, genes such as p53, Rb7 (retinoblastoma tumor suppressor) and mda-7

(melanocyte differentiation associated antigen-7) have been used to inactivate the specific

tumors [28, 29].    There are also numerous genes in the apoptotic pathway that can be

potential targets for gene therapy, and many methods, including genome-scale expression

profiling, are being utilized in an effort to match the appropriate treatment with its tumor
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profile [30].  Another unique method of tumor targeting is the use of oncolytic vectors

[31], such as the murine leukemia virus.  The most interesting aspect of these vectors is

that they are generally replication competent, allowing them to infect rapidly dividing,

but not quiescent cells, so that upon death of an infected tumor cell there will be a release

of mature viral particles to infect neighboring tumor cells.  Two very important

considerations for this kind of treatment are the proximity of the tumor to other “healthy”

dividing cell populations and the vectors ability to specifically target tumor cells.

An alternative to targeting the tumor cells directly is to instead modify the host in

a way that allows the tumor to be destroyed via other means.  There are three general

strategies used for these kinds of treatments.  The first is to modify the immune system,

so that the tumor cells will no longer be recognized as “self” [32-34].  By modifying

immune effector cells, such as natural killer (NK), CD8, or dendritic cells, it may be

possible to allow the body’s own immune system to clear the cancer.  The second method

that has shown a great deal of promise as a supplemental treatment to slow and or halt

tumor growth is to disrupt the angiogenic pathway by expressing angiostatin or

endostatin [35].  Finally, the third method is to protect normal cells from the toxic effects

of chemotherapy.  By protecting the “healthy” cells, especially bone marrow, the patient

can receive levels of chemotherapy sufficient to destroy the cancer cells, which would

otherwise be fatal for the patient [36, 37].

Dividing and Nondividing Cells

The replicative status of any target cell population for gene therapy is an

important factor when determining the type of delivery system to be used.  Cells that are

actively dividing will increase the chances of a vector reaching the nucleus, but once
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there, if it remains unintegrated, or is unable to replicate itself, it will likely be degraded

and lost.  Clearly this is not the desirable outcome when long-term expression is sought to

alleviate disease symptoms.  However, in situations where only short-term expression is

desired, such as suicide-gene tumor targeting, maintenance of transgene expression may

not be necessary.  Certain types of virus-based vector systems, such as those based on

Moloney murine leukemia virus (MoMLV), require cells to undergo division in order to

gain access to the nucleus when the nuclear membrane disassembles [38, 39] and while it

is possible to stimulate the replication of normally quiescent cells, such as hematopoietic

stem cells [40], vector systems capable of mediating gene transfer into nondividing cells

may be a more effective  approach.  For gene therapy, the ability to direct gene transfer in

nondividing cells is extremely important because most of the tissues generally targeted

for gene transfer are primarily comprised of nondividing cells.  Nondividing cells have an

additional barrier, the nuclear membrane, and depending on the vector system it can be a

formidable last hurdle to overcome.

Viral Vectors for Gene Therapy of Nondividing Cells

As early as 1958, it was discovered using a set of in vitro experiments, that cell

cycling had an effect on the susceptibility to infection by the Rous sarcoma virus (RSV)

[41] establishing a relationship between the cell cycle status of a target cell and retrovirus

replication.  Today, the majority of viral-based clinical gene therapies are based on one of

two families of viruses, adenovirus, and retrovirus.  The adenoviruses are a non-

enveloped virus carrying a linear double stranded DNA genome that does not typically

integrate within the host genome.  Although there are over 40 different adenovirus
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serotypes known, types 2 and 5 are the vectors that are predominantly used   and they can

carry up to 30 kb of foreign DNA [42].  The most recent generation of this vector is

considered “gutless”, meaning it has been stripped of all viral protein coding sequences

and transcriptional activators, leaving only the inverted terminal repeats (ITRs) [43].  All

the necessary packaging components are supplied in trans, decreasing the vector’s chance

of eliciting a host response through presentation of virus proteins to the host’s immune

system.  Adenoviral vectors are not restricted by the target cells replicative status, as they

tranduce both dividing and nondividing cells.

In contrast, retroviruses are enveloped viruses containing a single stranded RNA

genome.  These viruses require their genome to be reverse transcribed into double

stranded DNA prior to integration within the chromosomal DNA.  The ends of this

sequence are delineated by long terminal repeats (LTRs) and vectors based on this virus

can carry a cargo of nearly 7.5 kb [42].  The Moloney murine leukemia virus (Mo-MLV)

is a retrovirus that has been extensively studied.  This virus also has its viral packaging

genes removed (gag, pol, & env) and supplied in trans for packaging.  These genes are

supplied on at least two separate transcriptional elements to minimize the chance of

recombination resulting in the generation of replication competent retrovirus [44].  These

original vectors contain strong promoter/enhancer regions within the 5’ LTR that can be

used to regulate expression of inserted transgenes.  It was also discovered that these

enhancers could effect the expression of genes near their insertion sites, leading to other

potential problems which will be discussed in the section on insertional mutagenesis.

MLV is not capable of transfecting cells that are not dividing [38], limiting its

effectiveness for nondividing cell populations.  However, it works very well for targeting



11

tumor cells in vivo [45] as well as providing high titer transduction of cells ex vivo [46].

Lentiviruses are a subclass of retroviruses capable of transfecting both dividing and non-

dividing cells [47].  This makes them very useful for transducing primary human stem

cells ex vivo, in that lentiviral transduction of human CD34+ cells require less cytokine

stimulation than that required for MLV transduction.  These milder transduction

conditions also allow for greater survival of transduced stem cells and a larger number of

engrafted transgenic cells [48].  Their usefulness has also been demonstrated by their

ability to carry relatively large and more complex genetic elements, like the β-globin

gene cassette for treatment of β-thalassemia [49].

Viruses have evolved their own unique way of entering a cell and trafficking to

the nucleus.  Adenoviruses enter the cell via the clathrin-mediated endocytic pathway

[50].  Once in the endosome, a conformational change in the adenovirus capsid results in

escape and release into the cytoplasm [51].  The intact adenovirus capsid then utilizes the

cells microtubule network to reach the nucleus where it docks with a nuclear pore,

releasing its DNA cargo [52, 53].  A lentiviral vector pseudotyped with VSV-G envelope,

enters the cell via endocytosis and the vector core must then escape the endosome to

reach the cytoplasm [54].  The vector nucleoprotein core then undergoes an uncoating

process that is still poorly understood [55] and the reverse transcription complex forms.

Following reverse transcription, the pre-integration complex (PIC) forms, which also

utilizes the microtubules to reach the nucleus [56].  Once there, it is believed that the PIC

mediates some form of active transport across the nuclear membrane using the nuclear

pore complex [57].  Clearly, viral vectors are able to take advantage of the virus’s

naturally evolved mechanism of nuclear entry, bringing various proteins that work
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together with the cell’s own native elements to achieve efficient delivery, entry, and

ultimately, integration.

Nonviral Vectors for Gene Therapy of Nondividing Cells

Nonviral vectors continue to be a very attractive alternative to viral delivery

systems as they are considered to be less toxic, less immunogenic, and they are much

more amenable to pharmaceutical formulation.  Unfortunately they are not able to

perform at the same levels of efficiency in gene transfer as many of the viral-based vector

systems.  Their lack of efficiency likely stems from their inability to direct themselves to

the nucleus of a cell once that cell is reached.  There are many different types of nonviral

gene delivery systems, ranging from molecular conjugates, lipoplexes, polyplexes,

lipopolyplexes, and simply “naked” DNA.  For the DNA to reach the nucleus, the vector

must first find and enter the cell, migrate to the nucleus and finally find and cross the

nuclear membrane.

Delivery of DNA molecules to cells can be facilitated in many ways.  Lipoplexes

are DNA bound to cationic liposomes that react in a hydrophobic manner.  These are

created by mixing polyanionic DNA with polycationic liposomes, forming lipocomplexes

bases on the oppositely charged molecules [58].  Polyplexes are made by conjugating the

DNA with hydrophilic polymers like linear polylysine or branched polyethyleneimine

(PEI) [59] and lipopolyplexes are simply some combination of the two [60].  Molecular

conjugates are DNA-protein/peptide formulations derived to specifically interact with a

cellular receptor/target in an attempt to increase transfection efficiencies [61].  Delivery
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of naked DNA requires no conjugation and is one of the simplest forms of nonviral gene

transfer.

Intravascular or direct injection of naked plasmid DNA has been studied

extensively in the muscle [62, 63], heart [64, 65], brain [66], and skin [67].  Budker et al

delivered “naked” DNA intraportally to the livers of mice in 1996 [68], and it wasn’t long

before a technique was developed using a large volume rapidly injected via the tail vein

to efficiently deliver DNA to the livers of mice [69, 70].  When injected via the tail vein,

the rapid pressure and volume increase at the inferior vena cava causes the solution to

back fill the hepatic vein into the liver [71].  This increased volume and pressure can

actually be witnessed by swelling of the liver during injection [70].  The size of the

sinusoid fenestrae is thought to increase allowing access of the DNA to the hepatocytes

[68].  This technique has been used to test multiple plasmid expression constructs and

evaluate the treatment of several disease models in mice [72-78] and has even been

adapted for use in dogs as well as non-human primates [79, 80].  Initially this method of

delivery was not seen as clinically feasible, but various methods of vessel occlusion and

limb isolation, which allow a single organ or limb to be targeted, are bringing the idea of

high-pressure DNA infusion to the clinical forefront.  In fact, plans are currently

advancing to establish safety of this procedure to deliver dystrophin to the arms of

Duschenne muscular dystrophy patients [81].

Surprisingly, getting the DNA to the target cell may not be the most rate-limiting

factor for nonviral gene transfer.  Once the DNA has entered the cell, the half-life of

double-stranded DNA has been calculated to be between 50 and 90 minutes [82], even

with a more modest estimation of a 3 hour half-life, 24 hours after reaching the cell, only
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0.4% of the plasmids not reaching the nucleus would remain, and after 48 hours this level

would decrease to 0.0015% [83].  The nuclear envelope presents a significant barrier for

plasmid DNA not equipped with a nuclear targeting sequence (NTS).  These sequences,

such as the 72 bp SV40 enhancer repeat [84], facilitate active transport through the

nuclear pore complex in an energy dependent and sequence specific manner.  When

plasmid DNA lacking NTSs were injected intracellularly, it took between 30-100 times

more plasmid injected into the cytoplasm to get the same level of expression from direct

nuclear injection [85].  To view DNA uptake by the nucleus as a measurement of

expression, nondividing primary epithelial airway cells were transfected with a β-gal

(beta-galactosidase) transgene and stain for BrdU (bromodeoxyuridine) incorporation to

distinguish between cells that underwent division and those that did not.  Expression

levels in the nondividing cells reached only about 10% of the β-gal produced in their

dividing counterparts [86].  It is evident that a large percentage of DNA that makes it past

the cell membrane never reaches the nucleus, but this again falls on the side of a

difficulty in delivery.  Even once a DNA fragment or plasmid makes it to the nucleus, it

must rely on random recombination for insertion within the chromosomal DNA of the

cell, resulting in maintenance of transgene sequences.

Several studies on electroporated DNA to the muscle state the frequency of

integration after a single treatment is negligible [87, 88].  Expression can then be rapidly

lost if the cells undergo further division due to degeneration-regeneration of the muscle

tissue [89].  Integration alone has been suggested to increase positively transduced fibers

by 2-fold when phiC31 phage integrase system was utilized, demonstrating a transduction

advantage as well as maintenance of expression [90].  Still, it is impossible to determine
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the amount of expression emanating from integrated elements versus episomal DNA.

Combining an efficient nonviral integration scheme with an effective delivery system,

such as the high-volume rapid injection technique, could potentially place nonviral gene

therapy efficiencies near those achieved by viral delivery methods.

Clinical Concerns for Gene Therapies

  Every gene therapy application must not only prove that it is capable of

mediating some clear and definite benefit to the patient, it must also prove that it can do

so without exceeding an acceptable level of risk.  The idea of “acceptable risk” is a very

important issue that will be covered more extensively in the conclusions of the thesis, but

the overall concept of safety will be addressed here.  The issue of safety for gene therapy

came to the forefront in 1999 when 18-year-old Jesse Gelsinger died in a clinical trial that

was designed to be a safety study for the treatment of ornithine transcabamylase (OTC)

deficiency [91, 92].  The cause of death was determined to be an acute inflammatory

reaction to the adenoviral vector administered at a dose of 6x1011 particles/kg resulting in

disseminated intravascular coagulation (DIC) and multiple organ system failure. Pre-

clinical safety studies involving normal mice and primates established a threshold of

5x1012 particles/kg being well tolerated while levels of 1x1013 particles/kg were

associated with a severe immune response and toxicity [93, 94].  Three of the monkeys

treated previously had died of a blood-clotting disorder and severe liver

inflammation.This demonstrates that great caution must be taken when correlating

between animal models and human subjects.
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Immune responses are problematic in gene therapy and often result in a clearing

of transduced cells.  In vivo administration of first generation adenovirus vectors results

in both an innate and an acquired innate immune response resulting in transient transgene

expression lasting 2 – 3 weeks [95].  This led to the development of second generation of

adenovirus vectors where the E2 and E4 viral regions were removed [96].  Combining

this with various immunosuppressive regimens, or preventing T-cell activation can

extend expression [97, 98], but re-administration of the vector can still lead to a humoral

immune response.  This type of response is also possible upon the first administration,

because the vector is based on a virus that many people have previously been exposed to

naturally.

An additional concern with integrating vectors is the possibility of insertional

mutagenesis. Integration of a vector is seen as a favorable event for gene transfer as it

offers maintenance of the transgene expression and transmission to daughter cells.  Of the

3 billion base pairs comprising the human genome, only about 1.5% of them,

approximately 20,000 – 25,000 genes, actually encode proteins [99, 100].  For many

years it was generally accepted that the risk of insertional mutagenesis was extremely

low, until 2002 when two of the children treated for x-linked severe combined

immunodeficiency developed T cell leukemia [8, 17].  It was soon determined that this

was caused at least in part by the retrovirus vector inserting near the LMO2 proto-

oncogene promoter.  The strong enhancer element in the 5’ LTR lead to an over-

expression of LMO2 within the T-cells.  Subsequent to these findings, tests demonstrated

the ability of the γ-chain of interleukin-2 receptor (IL2RG) to induce lymphoma in 33%

of mice within 81 weeks of transplantation, using a mouse model for X-SCID as well as
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wild-type mice [101].  Previous studies in mice did not extend long enough to see this

result, demonstrating the importance for all gene therapies of examining long-term effects

in a pre-clinical setting prior to testing in human subjects.  While continual advances in

the safety of vector constructions as well as a gaining a better understanding of the effect

of transgene expression upon the host must be maintained, it is important to judge each

potential therapy on a risk/benefit basis.

Transposable Elements

Barbra McClintock was the first scientist to show that transposable elements were

present in eukaryotic genomes [102].  Until then, DNA had been thought of as very static

and unchanging, or at least changing very slowly accumulation small mutations over

time.  Transposable elements exist in many other organisms as well. As many as 30

different classes of transposons are known to exist in Drosophila, the most well known

being the P element transposon [103].  In bacteria the Tn family of transposons have

evolved the capability of carrying antibiotic resistance genes [104].  Overall, eukaryotic

transposable elements can be categorized into two groups, those that transpose with an

RNA intermdeiate, and those that do not.  The first category consists of retrotransposons

that transpose through an RNA intermediate in a copy-and-paste mechanism that requires

a reverse transcriptase and integrase protein.  These elements are either flanked on each

end by long terminal repeats (LTR) or they terminate at one end with a poly-A.  Long

interspersed nuclear elements (LINEs) are one type of retrotransposon which comprises

approximately 21% of the human genome.  These elements are generally greater than 5

kb in length and they are the elements that are utilized to generate genetic fingerprints.

Short interspersed nuclear elements (SINEs) are typically less than 500 bp comprising
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about 13% of the human genome [105].  The second group of elements transpose via a

DNA intermediate, have terminal inverted repeats, and have been grouped into categories

based on the properties of their individual transposases.  These groups, or superfamiles as

they are sometimes called, include: Tc1/mariner, hAT, CACTA, Mutator-like elements

(MULEs), and PIF/Pong [106-112].  These elements are flanked by small inverted

terminal repeats (ITRs) and can be bound by the corresponding transposase and moved to

another genomic location in a cut-and-paste fashion.  The potential of such an element for

use in nonviral gene transfer seemed clear, yet a transposase which was capable of

functioning in mammalian cells did not appear to exist.

The Tc1/mariner superfamiliy of transposons was discovered by David Hirsch

and Scott Emmons in 1983 as a repeat sequence within the C. elegans genome [113].

This family of transposable elements is very widespread and can be found in fungi,

plants, and animals including the arthropods, fish, frogs, humans, and the aforementioned

nematodes.  The transposases in this family each have a characteristic signature of three

acidic amino acids with distinct spacing identified as DDE or DDD [114].  These

transposases contain a bipartite DNA-binding domain and an overlapping nuclear

localization signal (NLS) near their N-terminus [115, 116].  There are three types of

inverted repeats that flank the transposon.  Tc1/mariner terminal inverted repeats contain

two direct repeat elements typically less than 100 bp in length, each of which contains a

single binding site.  Tc3 elements have inverted repeats usually larger than 400 bp in

length with two binding sites each, and the inverted repeat, direct repeat (IR/DR) group

has a pair of short binding sites (15-20 bp direct repeats) at the end of the inverted repeats

(IR) that are 200 – 250 bp in length [117].  It was among this family that ancient
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remnants of transposases once active in mammals began to be identified [118].  Through

the alignment of many of these now non-functional transposase genes isolated from fish,

a reconstructed sequence was re-awakened and named Sleeping Beauty [119].

The Sleeping Beauty Transposon System

Structure and Function

The Sleeping Beauty Transposon system was engineered by aligning numerous

non-functional Tc1-like sequences recovered from the genomes of salmonid fish, creating

a consensus sequence based on the properties of other elements in the Tc1 superfamily,

and finally removing the inactivating mutations through ten rounds of site directed

mutagenesis [119].  The transposon flanking sequences were identified as falling into the

IR/DR class, as each IR is about 230 bp in length and contains two direct repeats (DR) of

about 32 bp. The position of these DRs relative to each other and their sequence are

crucial elements required for proper transposase binding and excision, illustrating that

transposition has spatial and sequence specific requirements [120, 121].  The transposase

itself fits the category of a Tc1 element in that it consists of a 5’ DNA recognition /

binding domain, followed by a nuclear localization signal and a catalytic DDE domain

totaling about 340 bp in length (Figure 1A).

For use as a gene transfer system, the transposase is separated from the transposon

IR/DR sequences, allowing its replacement with a DNA cargo.  The transposase needs to

be present in the nucleus for transposition, so it is typically supplied on a separate

plasmid (trans), but can also be delivered on the same plasmid (cis) or delivered as in

vitro transcribed mRNA [119, 122, 123].  SB transgenic mice have also been used as a
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source of transposase through breeding or delivery of transposon plasmid alone [124,

125].  As long as there is a source of transposase, transposition occurs in a stepwise

fashion (Figure 1B):  (1) Four transposase molecules bind to the transposon, one at each

DR sequence. (2) An active complex forms between the two pairs of transposases,

bringing the two ends of the transposon into contact with one another.  (3) There is a

transposase mediated double strand break, excising the transposon from its original

location.  (4) The transposon is reinserted to a new location requiring only a TA

dinucleotide as a target [126].
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Figure 1 The Sleeping Beauty Transposon System

     B.
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Figure 1  The Sleeping Beauty Transposon System

The Sleeping Beauty transposon and its components.  The transposase enzyme is

flanked by terminal inverted repeats (IR/DR) each containing two transposase binding

sites (direct repeat elements).  The transposase has an N-terminal, bipartite, paired-

like DNA-binding domain followed by a nuclear localization signal (NLS) and a

DDE catalytic domain containing a G-rich region. (B)  Transposition occurs through

a cut-and-paste mechanism.  The transposase sequence is replaced by another cargo

sequence such as a selectable marker or therapeutic gene.  The transposase is supplied

from another source in trans.  Four transposase molecules bind to the DR sequences

of the IR/DRs, bringing the ends of the transposon together, forming a synaptic

complex.  The transposon is then excised from the donor molecule and inserted in a

new location requiring only a TA dinucleotide, which is duplicated upon insertion to

flank each IR/DR.  The carrier plasmid can then be repaired leaving a 7 bp “footprint

signature” of transposition.
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Figure 2  Transposition Assay
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Figure 2  Transposition Assay

The in vitro assay for transposition efficiency utilizes a transposon carrying a

neomycin resistance gene.  This transposon containing plasmid is co-transfected with

either a transposase containing plasmid, or a negative control plasmid such as pUC19.

The transfected groups are then subcultured in selective media containing the neomycin

analog G418.  Cells that contain an integrated copy of the neomycin gene will be resistant

to the toxic effects of G418 and grow to form a colony on the plate.  The difference

between the number of colonies formed with or without transposase is used as a measure

of transposition efficiency.
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Transposition for Gene Transfer

The Sleeping Beauty transposon system was tested in HeLa cells using a

transposon carrying an SV40 regulated neomycin phosphotransferase (Neo) gene,

developing what is now considered a standard transposition assay [119] (Figure 2).  The

target cell type is transfected with either the transposon plasmid alone, or cotransfected

with the plasmid containing a cytomegalovirus (CMV) regulated SB transposase.  The

transfected cells are then plated out in a selective media containing the neomycin analog

G418.  Any cell with an integrated Neo gene will grow and form a colony on the bottom

of the plate.  The difference between the number of colonies that form from plasmids

randomly integrating via non-homologous recombination, and the number of colonies

that form in the presence of transposase is a measure of transposition efficiency.  This

assay was used to demonstrate SB’s ability to function better than any of the previously

existing transposon systems in different vertebrate cell lines, including mammalian,

avian, amphibian, and fish [121, 127].

Optimization of transposase expression is a critical element to its successful use

for gene transfer.  There is evidence to support over-expression inhibition of the

transposase, where increasing the level of transposase actually decreases the amount of

transposition through quenching [128].  Geurts et al demonstrated overexpression

inhibition over a broad range of transposon to transposase ratios from 17:1 to 1:33

respectively [129] and yet others have reported no effect of overexpression on the

transposase [121].  One potential difference is that the promoters used to regulate

expression of the transposase were different in each case, but this emphasizes the

importance of designing tightly controlled experiments to prevent unknown variables
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from skewing the interpretation of results.  There is currently no proven method for

evaluating overexpression inhibition of the SB transposase, but one potential model

would be a steric hindrance caused by other SB molecules interacting with the four bound

transposases, preventing the active complex from forming, thus interfering with

transposition.  Results from in vivo studies using cis constructs to deliver the transposase

have also suggested overexpression inhibition.  By utilizing different strength promoters

to regulate the transposase, it is possible to keep the transposase to transposon ratios

constant while changing the amount of transposase being expressed per transposase gene

[123] (Supporting data can also be found in Chapter 2 of this thesis).  Overall levels of

long-term expression were much higher when the transposase was regulated by the

ubiquitin C or phosphoglycerate kinase (PGK) promoters [123, 130], both of which are

considered relatively “weak.”

Modification of The Sleeping Beauty Transposon System

Because the SB transposase was created from genomic sequences that may have

been silenced over 10 million years ago, how can we be certain that it is an accurate

representation of the original transposase?  For that matter, how can we assume that the

original sequence would have the highest activity over the widest range of host cells?

Clearly there is room for improvement or, at the minimum, modifications to suit specific

environments.  The SB transposon system consists of two basic elements, so to improve

transposition efficiency either the flanking IR/DR sequences or the transposase itself can

be modified.  It is likely that some combination of modifications to both will result in the

most efficient form of the SB transposon system.
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Modifying the IR/DR Flanking Sequences

The borders of the transposon are defined by the inverted terminal repeat

sequences and, as mentioned previously, each ITR contains two direct repeat sequences

(DR).  These IR/DR sequences, designated “T” in the original paper by Ivics et al [119],

are imperfect repeats of each other matching at less than 80% at the center of the ITR, but

maintaining a nearly perfect match in the DRs.  This conservation of sequence suggests

that the transposase binding locations are more critical for transposase function than the

ITR sequences.  The inner DR sequence is missing two base pairs resulting in a total of

six base pair differences upon alignment [120].  Both the inner and the outer DRs are

required for transposition and rearrangement of the inner and outer sequences always

resulted in a decrease of activity ranging from 50% to 100%, clearly demonstrating that

the inner and outer DRs play different roles in transposition.  Evidently, modifying the

DRs is unlikely to result in a transposon with increased activity.

Cui and colleagues discovered that while a single TA dinucleotide immediately

flanking the ends of the IR/DR sequences is necessary for transposition, two TA

dinuclotides (TATA) increased transposon efficiency by 50% - 100% [120].  They also

discovered and repaired four mutations within the ITR sequences when compared to the

original consensus alignment that was used to recreate the SB transposase.  These new

modification were put into place and a second generation transposon was created,

designated “T2.”  One additional modification, “T3”, was generated by replacing the

right IR/DR sequence with that of the left IR/DR, effectively giving the transposon two

left IR/DRs, with mixed results.  Overall the work of Cui and colleagues revealed a great
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deal of information on the sequence requirements within the IR/DRs of the SB

transposon, and developed a new generation of transposons with increased activity.

Modifying the Transposase

The first working version of the Sleeping Beauty transposase was SB10, termed

so because it took ten rounds of directed mutagenesis to remove / repair all the

inactivating mutations [119].  Five years later, various groups began to modify the

original design to see if they could improve on it.  One of the first modifications was

generated by Geurts and colleagues who aligned the SB10 coding sequence with current,

active mariner transposases [129].  They identified fourteen amino acids that were

different based on comparisons to conserved regions.  Changing four of these amino

acids back to the conserved sequences resulted in a new transposase dubbed “SB11” that

improved transposition efficiency nearly three-fold over SB10 [129].  Following a similar

approach, Zayed and coworkers aligned SB with the zebrafish Tdr1 transposase [116],

identifying two potential amino acid substitutions.  Once corrected, the new transposase,

“SB12”, was also found to be about three-fold more efficient than SB10.  Not too

surprisingly, compared side by side, SB11 and SB12 both have similar activities.

One of the more labor-intensive methods to create new “hyperactive”

transposases was carried out by Yant and colleagues [127].  Using large-scale mutational

analysis they systematically and independently replaced 95 amino acids within the N-

terminal DNA binding domain.  They discovered 10 mutations that enhanced

transposition efficiency and systematically combined them, creating four new transposase

variants dubbed “HSB1 – HSB4.”  Yant et al. reported that these new transposases, when
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combined with either the T or the T3 transposons, showed between a 9 and 14-fold

increase in transposition efficiency, respectively.  These new versions had a higher

binding affinity to the outer DR repeats, and no significant difference was discovered at

the inner [131].  It should be noted that this finding contradicts the findings of Cui et al

who showed that stronger binding to the outer DRs resulted in lowered transposition

efficiency [120].  It seems likely that modifying the structure of the transposase itself can

have an effect on its ability to remain catalytically active, and it is more likely to

potentially enhance its catalytic ability, rather than modifications targeting active binding

domains.

Although there have been many advances in modifying the transposon and

transposase, testing of the new versions has been limited to tissue culture work and

animal models [120, 129, 131-133].  These are the tools available, but many of the

changes seem to have very different effects depending on the cell-type or model

organism being used, and although we understand the changes made at the molecular

level, we still don’t understand why these changes have a positive effect on transposition.

Modification of the Donor Plasmid

The primary issue with donor plasmid modifications is size.  The larger the

plasmid backbone, the greater the distance between the outer end of the IR/DR elements.

The primary evidence that this distance plays a role in transposition efficiency was

collected by Izsvak and colleagues, demonstrating that the amount of DNA outside the

IR/DRs effects transposition efficiency [118].  Interestingly the change was not linear,

meaning a larger distance did not always equate with lower transposition efficiencies.
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Shifting this distance by eight base-pairs continually resulted in a loss of transposition

efficiency.  This suggests a physical effect of transposase alignment and excision as eight

base pairs is about three base pairs short of a complete helical rotation.

Delivery of the transposon on a linear piece of DNA does not seem to be effective

as was demonstrated by Yant and colleagues when they used an adenovirus to deliver

transposons to cells [130].  When the transposon was placed on the linear DNA genome

of the adenovirus vector, it failed to transpose.  When they engineered Flp recognition

target (FRT) sites into the fragment so that upon induction of Flp recombinase, the linear

genomes circularized and transposition was then possible [134].  Perhaps even more

convincing is their data showing transfection of HeLa cells in vitro with linearized

plasmid DNA containing a neomycin transposon.  When the transposon plasmids was

cotransfected with a source of transposase, the number of G418 resistant colonies

actually went down.  Again we see another example of tertiary structures of the elements

involved with transposition having a significant effect on transposition efficiency.

Insertion Site Preference

Since the X-SCID gene therapy trial resulting in two patients developing T cell

leukemia from a single trial [8], insertional mutagenesis has emerged as a significant

safety consideration for current and future gene therapy clinical trials.  The retroviral

vectors inserted near the LMO2 gene in three different patients, suggesting that the vector

preference for integration sites may not be as random as once thought.  It turns out that

the murine leukemia virus (MLV) tends to integrate near CpG islands near transcriptional

start sites [135, 136].  Lentiviral vectors also tend to target expressing genes, but do not
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have a preference for CpG islands [137, 138].  Retroviral vector mediated insertional

mutagenesis in bone marrow progenitor cells has since been proven in a mouse model for

ex vivo transformation [139].

Integration is the key for mediating persistent transgene expression, but it must be

done safely, without causing new mutations that could result in the presentation of a new

disease.  Transposons have the capability of inserting into genomic DNA, with all of the

Tc1/mariner family members requiring only a TA dinucleotide for integration.  Initially it

was thought that integration occurs at random TA locations where the transposase has

access to the DNA, but studies from several groups have gathered a good deal of

information suggesting that there are many different factors that can influence integration

site preference [121, 140-142].  Initially, junction sequences flanking SB insertions in

HeLa cells were sequenced revealing a preference for insertion in AT-rich areas [140].

Although these areas are more likely to contain TA dinucleotides, the main influence

appears to be the region’s ability to bend and deform.  The higher AT concentration

makes the DNA more A-philic and pliable.  This is supported by studies examining

transposon flanking sequences in vivo that determined a consensus target site of

ANNTANNT [143].  An astute experiment by Geurts and coworkers used a computer-

generated model designed to generate predictions of integration patterns based on AT

content and DNA stability.  Examining just a portion of the genome they discovered that

about half of the transposons would integrate into one-tenth of the available TA sites,

suggesting some additional factors for choice of insertion site [144].

It is possible for a transposon to integrate within a gene, disrupting its function,

but data suggests that this is less likely to occur than for other integrating viral vectors
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[141, 145].  It is also important to note that insertional activation in the X-SCID cases

was likely caused by the strong enhancer elements contained in the MLV vector.

Although the IR/DRs do possess some transcription enhancer activity [146], there has not

been one instance to date were a therapeutic transposon insertion has caused uncontrolled

expression of a proto-oncogene.  Attempts have been made to modify the SB transposon

system to target specific areas in the genome, reducing the potential for insertional

mutagenesis [147].

Sleeping Beauty for Gene Therapy

Integration is a crucial step for nonviral gene transfer in achieving long-term

transgene expression.  Without integration, episomal DNA maintenance is reliant upon

cells remaining in a nondividing state.  Even when integration becomes possible,

distinguishing expression from integrated versus episomal sources is impossible without

some type of induced cellular regeneration, such as a hepatectomy to establish integration

in the liver [73, 123].  SB has been used to improve on previous nonviral delivery

systems to murine lung and liver, as well as multi potent progenitor cells (MAPC) [125,

148-150].  It has also been used in various human tissues including human T cells, skin

cells, and glial tumor cells [151-153].  In most instances, the negative control used to

associate expression with integration is a group that includes a nonfunctional SB

transposase or simply a “filler” plasmid in the place of SB transposase. While the groups

including SB achieve higher overall levels of expression, this expression is not

necessarily attributable directly to transposition.
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 There is a great deal of data supporting SB mediated transposition in the murine

liver, confirmed by maintenance of expression following hepatectomy as well as the

recovery of flanking sequences from integrated transposons [123, 149, 154, 155]. Mouse

liver is primarily quiescent in nature with only about 1 in 20,000 hepatocytes undergoing

mitosis at any given time [156].  Assuming that the DNA encoding SB transposase

reaches the nucleus and is transcribed, the translated SB protein is trafficked back into the

nucleus via its NLS where it interacts with a heterodimeric import receptor consisting of

the β-karyopherin importin β.  This complex then interacts with the adaptor protein α to

mediate passage across the nuclear membrane [157].  It seems reasonable to conclude

that transposition occurs in nondividing cells, but what if transposition takes place after

cellular regeneration is induced, or perhaps transposase aids in transposon migration to

the nucleus, thereby increasing nuclear localization of the transposon plasmid?  In the

third chapter of this thesis, this question will be addressed directly.

 Sleeping Beauty has not yet been used in a human clinical trial.  The closest it has

come was in the treatment of human skin cells in a model for the blistering skin disease-

junction epidermolysis bullosa (JEB) [152].  Here Oritz-Urda and colleagues used the SB

transposon system to deliver laminin β3 (LAMB3) cDNA to primary keratinocytes from

six unrelated JEB patients with LAMB3 mutations.  Using these cell populations, human

skin was regenerated as xenografts on CB.17 scid/scid immune deficient mice, thus

establishing SB’s ability to achieve stable genetic correction in human tissue from

patients with a genetic disorder.

Several other concerns need to be addressed before SB can be applied for human

gene therapy.  Currently SB transposase is provided as a cDNA expression construct,
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introducing the risk of random integration of the transposase encoding gene, resulting in

persistent expression of transposase throughout the life of the cell and its progeny.  This

could lead to a transposon continuously remobilizing, with extensive mutagenesis of the

host cell.  The nature of nonviral gene delivery itself may need to be addressed as well if

the transgene being delivered can be harmful to the patient.  Initial expression levels upon

DNA injection can be 1,000-fold higher than the steady state level that is achieved after

transposition.  This was brought to light by the work described in chapter 2, where

plasmids encoding erythropoietin were delivered hydrodynamically to the liver.  The high

levels of Epo expression following delivery resulted in polycythemia and early death in

many mice.  Using promoters that are inducible rather than constitutive, as proposed in

Chapter 4, may be one solution to this problem.

Since its discovery 11 years ago, the Sleeping Beauty transposon system has

rapidly become one of the most highly studied nonviral integrating vector systems for use

in mammals.  It still has many safety and efficacy issues that need to be tested and

defined, but it is currently being tested in large animal models and clinically relevant

delivery systems for use in humans are being developed. The hydrodynamic delivery

technique has allowed a large number of plasmids and plasmid-based vector systems to

be tested in the livers of mice.   When the Sleeping Beauty transposon system is delivered

in this manner, it has not been possible to distinguish the amount of transgene expression

originating from integrated transposons versus episomal plasmids.  In chapter 2 I describe

a novel system that utilizes loxP sites and Mx1Cre transgenic mice to silence transgene

expression from both unitegrated transposons as well as randomly integrated plasmids,

allowing the remaining expression associated with transposed elements to be assessed.
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An important question that remains to be answered quantitatively is if the Sleeping

Beauty transposon system functions in nondividing cells.  In chapter 3 I present data

supporting SB’s ability to function in nondividing cells and suggest experiments utilizing

the Cre/loxP system, presented in chapter 2, that can be applied to identify in vitro cells

with integrated transposons that have not undergone replication.  Chapter 4 examines a

strategy to prevent harmful over-expression of erythropoietin using the hydrodynamic

delivery technique.  As mentioned previously, the plasmids contain all the necessary

components for constitutive expression of their transgene cargos, causing up to a

100,000-fold increase in circulating Epo levels upon hydrodynamic administration.  To

regulate this expression in a manner more appropriate to clinical applications I designed a

promoter that responds only to hypoxic conditions, thus restricting Epo expression to

conditions which induce a hypoxic state, such as anemia.  Hence, an animal model for

renal failure could be used to verify that the integrated transposons ability to maintain

proper hematopoiesis and hematocrit levels through regulation of Epo production. This

work reported in this thesis has contributed to the understanding of some of these basic

questions in developing the Sleeping Beauty transposon system for human gene therapy.
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Sleeping Beauty-mediated Transposition and Long-term
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ABSTRACT

The Sleeping Beauty Transposon system (SB) has been shown to facilitate non-

viral integration of expression constructs resulting in long-term gene expression in

several mammalian targets. Often, however, it is difficult to discern long-term expression

resulting from transposition vs. non-homologous chromosomal recombination or

maintenance of plasmid DNA in an extrachromosomal form. We have designed a system

to silence expression from non-transposed sequences, making it possible to determine the

amount of expression more specifically resulting from transposed sequences. A

transposon plasmid pT2F/Cage (carrying a murine erythropoietin (epo) gene

transcriptionally regulated by the ubiquitous CAGS promoter) was engineered to contain

loxP sites positioned so as to interrupt expression upon Cre-mediated recombination.

Upon transposition these sites become segregated, thus protecting the expression

construct from Cre-mediated recombination and subsequent silencing.  Interferon-

inducible Mx1Cre mice were administered pT2F/Cage with or without transposase-

encoding plasmid.  At 2 to 4 weeks post-injection, in the absence of transposase, Cre

induction reduced the expression of epo to about 1% of that seen in the group that

included the transposase plasmid, which maintained epo levels near that of the uninduced

groups. Various molecular analyses of transfected tissue supported the efficient silencing

of non-transposed sequences. These results indicate a substantial level of DNA-mediated

expression not associated with transposition, but which can be quantitatively

distinguished from transposition by its sensitivity to Cre recombinase. The results also

provide additional evidence for the effectiveness of the Sleeping Beauty transposon
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system as an in vivo DNA-mediated gene transfer strategy for achieving long-term

expression.

Introduction

Sleeping Beauty (SB) is a transposable element that functions through a “cut and

paste” mechanism to achieve gene integration [119, 158].  It is the most active member of

the Tc1 family of transposable elements [121] and since its discovery [119] it has been

pursued as a way of mediating efficient non-viral gene integration.   The substrate for SB

transposase is termed the transposon and this element is defined by two flanking inverted

repeat (IR) sequences of about 230 bp in length, each containing two ~30bp direct repeat

(DR) sequences which function as binding domains for the transposase.  These IR/DR

sequences define the borders of the transposon and are the only sequence elements

required for transposition [159].  This system has been shown to function in a wide

variety of cell types [121] and it is also being used as a genetic tool for gene discovery

and disease modeling [160-162] .  As a vector for gene therapy, SB has been used to

successfully mediate stable gene transfer and expression in the liver and lung in mice,

and it has shown efficacy in treating several mouse models of human genetic disease

[125, 148, 149, 163, 164].

We have been studying the capabilities of Sleeping Beauty to mediate non-viral

gene integration in somatic tissues, modeling its use for in vivo gene therapy.  We have

found that one of the challenges in determining transposition efficiency is distinguishing

the expression of transposed elements from other, non-transposed forms.  Previously

reported studies have relied on demonstrating the persistence of transposon gene
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expression, particularly following treatments that reduce expression of non-integrated

vectors, as evidence of stable transposition in somatic tissues of treated animals [165].

Although this approach provides supporting evidence for vector integration, it does not

provide a quantitative assessment of the amount of expression resulting from

transposition.  For example, rapid, high volume delivery of plasmid vectors to the liver

has been reported to result in a significant amount of plasmid remaining episomal,

maintaining expression for up to six months or longer [166, 167].  With this in mind, we

wondered: in our transposition experiments, what percentage of an observed level of

expression is the result of transposition, and how much is the result of persisting episomal

elements or even randomly integrated forms of the vector?

To distinguish between transposed and untransposed sources of expression, we

constructed special transposon vectors containing LoxP sites.  These sites were

positioned such that transposition segregates the two sites, protecting the transposon from

Cre-mediated recombination and subsequent silencing of expression.  Following the

expression of Cre, the predominant source of reporter expression remaining should be

from transposed elements, allowing the direct correlation of expression with

transposition.  We found that while expression levels remained high in animals receiving

both transposon and transposase encoding DNA, expression levels in animals receiving

only a transposon DNA dropped to about 1% upon Cre induction.  Molecular analysis of

plasmids recovered from the livers of injected mice confirmed a high percentage of

silencing for untransposed vectors.  These results support the use of Cre-mediated

recombination as a molecular means of ascertaining the level of in vivo expression

associated with transposition mediated by Sleeping Beauty or other transposon systems
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that function through a cut and paste mechanism.  The results also support the

effectiveness of the SB transposon system in mediating stable, long-term gene expression

in mammalian target tissues.

RESULTS

The CAGS promoter provides high level, long-term expression after SB-mediated

gene transfer in the liver.  We initially used firefly luciferase as a reporter to test the

utility of the SB system in mediating long-term expression in the liver after rapid, high

volume delivery of transposon carrying plasmids.  Similar to previously reported results,

we found a relatively low level of long-term expression when the luciferase gene was

delivered on its own, but when co-delivered along with a plasmid encoding the SB

transposase we observed a two log-fold increase in long-term expression (three months

after plasmid infusion; Fig. 2A).  We subsequently used murine erythropoietin as a

secretable reporter to monitor the time course of expression for newly introduced

sequences (Fig. 1).  When plasmids containing Epo transposons regulated by the RSV

LTR promoter (Fig. 2B) or the human ubiquitin promoter (Fig. 2C) were administered to

mice by tail vein injection, we observed a burst of expression that was extinguished after

one week.  Co-delivery of a CMV-regulated SB10 transposase transcription unit slightly

increased the observed level of Epo expression, but this level was also extinguished by

the end of the first week after plasmid injection.  The CMV promoter provided a high

level of Epo expression which extended out to 6 weeks post-infusion when co-delivered

along with pCMV-SB10 (Fig. 2D), but even this expression was eventually extinguished.
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Increased hematocrits were also observed in the animals injected with pT2/CMV-Epo

(data not shown).
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FIGURE 1.  Sleeping Beauty transposon vectors and transposase expression

plasmids.  IR/DR elements (striped boxes with dark triangles) contain binding sites for

the SB transposase and define the ends of the transposon.  Rous sarcoma virus (RSV)

promoter, ubiquitin C promoter,  cytomegalovirus (CMV) promoter/enhancer,  or the

chimeric chicken β-actin promoter/CMV enhancer (Cags) sequences were used to

regulate expression of transgenes. Reporter genes used for these studies were the firefly

luciferase gene, the murine erythropoietin gene (Epo), and secreted alkaline phosphatase.

SB10; Sleeping Beauty transposase coding sequence.  pA; SV40 late polyadenylation

signal.  Plasmid names are shown to the left of each construct.  Transposase and

transposon sequences are contained on different plasmids except for plasmid

pT2/CaSea//UbSB10, which contains both sequences on the same plasmid.
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FIGURE 2.  Comparison of promoter strengths to regulate expression of reporter

genes.  (A)  Luciferase levels were measured in liver extracts of mice at various time

points following rapid, high volume injections of pT/L, with or without transposase

encoding plasmid (pSB10).  Values shown are mean +/- SEM for n=3 to 4, except pT/L +

pSB10 where n=2.  (B-D) Each Erythropoietin (Epo) construct was tested in the presence

(+SB) and absence (-SB) of co-injected pSB10.   Mice were injected at a mass ratio of 25

µg transposon plasmid to 2 µg pSB10 or 2 µg pUC19 negative control plasmid. Epo

levels were determined by ELISA in plasma prepared at various time points after rapid,

high volume injection of transposon DNA containing the murine Epo gene regulated by

(B) the RSV LTR promoter, (C) the ubiquitin C promoter, or (D) the CMV early

promoter/enhancer.  Values shown are the mean +/- SEM with n=3 to 5 for each group.
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Figure 2
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More reliable long-term Epo expression was observed using the CAGS promoter

(Fig. 3), a combination of the CMV enhancer, chicken ß-actin promoter, and EF1α intron

[168].  Epo expression was reduced to near background levels two weeks after injection

of most animals with 25 µg pT2/Cage alone (Fig. 3A), although high level expression

continued in one animal.  More consistent expression was observed in animals co-

injected with pCMV-SB10 (Fig. 3B), but long-term Epo expression was further improved

by co-injection of pUbSB10 (Fig. 3C), especially when provided at a higher ratio of

transposase- to transposon-encoding plasmid (Fig. 3D).  We thus observed that a higher

level of transposition and long-term gene expression was observed when transposase

expression was regulated by a relatively weaker promoter, i.e. the ubiquitin promoter, in

comparison with the CMV early promoter (see Fig. 3B and 3C).

To further test the importance of transposase to transposon ratios, we constructed

plasmids carrying a secreted alkaline phosphatase (SEAP) transposon as a reporter with

and without a ubiquitin regulated SB10 sequence (Fig. 1). C57Bl/6 mice were injected

with 25µg of pT2/CaSea with or without 9.7 µg pUbSB10, or with 25µg of

pT2/CaSea//UbSB10 (Fig 4).  Without a source of transposase, expression of SEAP was

undetectable in all but one mouse after one month, while each group receiving a source of

transposase expressed SEAP levels of about 500ng/ml for up to two months after

injection.  Delivery of the transposase coding sequence on the same plasmid as the SEAP

transposon provided reliable expression from individual animals. Although expression

levels were more variable at one week in the group administered transposon and
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FIGURE 3.  SB-mediated long-term expression of a Cags-regulated Epo transposon.

Plasma Epo levels were determined for individual mice (each separate line) at various

times after rapid, high volume injection of plasmid DNA. Test DNAs consisted of: (A) 25

µg pT2/Cage alone, (B) 25 µg pT2/Cage + 2 µg pSB10, (C) 25 µg pT2/Cage + 2 µg

pUbSB10, or (D) 25 µg pT2/Cage + 10 µg pUbSB10.  As shown, 4 to 5 animals were

treated under each condition.
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FIGURE 4.  Co-delivery of transposase coding sequence and transposon on the

same plasmid.  Alkaline phosphatase activity in the plasma of individual mice was

assayed as described in Materials and Methods at various times after rapid, high volume

injection of plasmid DNA.  Test samples were: (A) 25 µg pT2/CaSea only; (B) 25 µg

pT2/CaSea + 9.7 µg pUbSB10 (2:1 molar ratio); and (C) 25 µg pT2/CaSea//UbSB10.

Each line represents the results from a single animal assayed at several time points after

DNA injection.
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transposase sequences on separate plasmids, both groups of animals achieved similar

levels of long-term expression.

To test the plasmid dose dependence of Epo expression after in vivo delivery, we

injected three groups of mice with 25 µg, 5 µg, and 1 µg of pT2/Cage (Fig. 5).   To

ensure that transposase levels remained the same in each animal, SB10 transgenic mice

[169] were utilized, allowing the transposase to be present in all cells of the animal prior

to DNA injection. A clear dose response was observed, showing that injection of as little

as 1 µg of plasmid resulted in measurable levels of erythropoietin expression.  These

results also demonstrate that the time course of reduction in Epo levels is consistent and

not affected by the overall level of expression using the ubiquitous CAGS promoter.

In vivo silencing of untransposed sequences.  As seen in Fig. 3A, even without

provision of a transposase source, long-term Epo expression was observed in some

animals when the strong CAGS promoter was used.  This result makes it difficult to

determine the amount of expression resulting from transposed elements when a

transposase-encoding plasmid is co-administered along with transposon DNA.  Utilizing

the Cre/LoxP recombinase system, we developed a strategy allowing us to correlate

reporter gene expression with transposition through specific inactivation of untransposed

sequences (Fig. 6A). In this strategy, loxP sites were inserted into CAGS-regulated Epo

and luciferase transposons, one just upstream of the left IR/DR, and one in the intron

between the CAGS promoter and the reporter coding sequence.  Our strategy predicts that

upon expression of Cre recombinase, the left-hand IR/DR and the promoter will be



52

FIGURE 5.  Dose response of erythropoietin encoding transposon DNA. FVB/N

SB10 transgenic mice were administered the indicated amounts of pT2/Cage by rapid,

high volume tail vein injection. Epo levels were then measured in plasma collected at

various times afterward by ELISA.  Plotted values are the mean +/- SEM with n = 3 for

each time point.
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excised from any episomal or randomly integrated plasmids, effectively silencing

expression.  However, SB-mediated excision of the transposon segregates the internal

loxP site away from the upstream loxP site, thus rendering the transposed element

resistant to Cre mediated recombination.  Depending on the efficiency of this system to

silence untransposed sequences, the level of observed transgene expression may be more

directly associated with transposition than in the absence of such silencing.

SB’s ability to protect “floxed” (LoxP-containing) transposons from Cre-mediated

silencing was initially tested in vitro using a floxed luciferase transposon, pT2F/L (Fig

6B).   HeLa cells were transfected with pT2F/L with or without pSB10. The transfected

cells were subsequently subcultured every 3 to 4 days, repeatedly transfecting several

subcultures of the originally transfected cells with pCre.  Luciferase levels were

determined for each group of cells at the time of subculture.  As shown in Figure 6B,

luciferase expression at 27 days in pT2F/L transfected cells, was reduced by 10-fold

when co-transfected with pCre.  Co-transfection with pSB10 boosted long-term luciferase

expression by 10 fold in cultures co-transfected with pCre as well as in cultures not co-

transfected with pCre. SB thus protects against Cre-mediated silencing, most likely the

result of transposition causing loxP site segregation and subsequent resistance to Cre-

mediated recombination.
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FIGURE 6.  Schematic of Cre-mediated silencing strategy for non-transposed

sequences.  Cre-mediated silencing strategy for nontransposed sequences. (A) Schematic

of Cre-mediated silencing strategy. LoxP sites were introduced into Epo and luciferase

reporter transposons, one upstream of the left-hand IR and one between the CAGS

promoter and the Epo gene, or between the RSV promoter and the luciferase gene, such

that in the presence of Cre recombinase the promoter and the left IR/ DR are excised,

rendering the vector incapable of expressing the reporter gene. However, upon SB-

mediated transposition, the two LoxP sites become segregated, rendering the sequence

resistant to Cre-mediated recombination and subsequent silencing. (B) Cre-mediated

silencing and the effect of pSB10 co-transfection. 5 µg pT2F/L, a floxed luciferase

transposon, was transfected into HeLa cells with or without 3.8 µg pSB10 (1:1 molar

ratio) on day 2 after plating. On day 4, both groups were subcultured and assayed for

luciferase activity. Starting on day 6, separate subcultures of both groups were transfected

with 5 µg of either pCre or pUC19 as a control. On day 10, 90% of the cells were

collected and assayed for luciferase activity. The remaining cells were replated and

assayed similarly for luciferase every 6 days, retransfecting each time with either pCre or

pUC19 as a control. Plotted values are the means ± SEM with n = 3 for each time point.
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FIGURE 7.  SB-mediated transposition protects against Cre-mediated silencing in

pT2F/Cage injected mice.  Mx1Cre transgenic mice were administered 25 µg

pT2F/Cage with (C, D) or without (A,B) co-delivery of 10 µg pUbSB10 by rapid, high

volume tail vein injection.   Some animals were then induced for Cre expression (groups

B and D) by administration of polyI;polyC (250 µg i.p.) on days 9, 11 and 13.  Plasma

Epo levels were determined at regular intervals by ELISA after DNA injections and

continuing through the experiment. Each thin line represents the results of a single

animal, while the means in each group are shown as solid points and lines.
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For inducible Cre expression in the liver, we used the Mx1Cre strain of mice.  These

mice contain a Cre recombinase transgene that is regulated by an interferon response

element such that Cre expression is inducible by intraperitoneal administration of pI-pC

double stranded RNA [170].  pT2F/Cage (25 µg) was injected  into Mx1Cre mice, either

with or without co-injection of pUbSB10 at a ratio of 2.5:1. After seven days, Cre

expression was induced in half of the animals in each group by injection of pI-pC

(250µg), allowing ample time for transposition.  In this experiment, we observed

relatively high expression levels in animals injected with pT2F/Cage alone (Fig. 7A).

Upon induction of Cre expression, the Epo levels in these animals dropped by nearly

99% to near background, thus demonstrating a robust silencing effect for untransposed

sequences within one week of induction (Fig 7B).  Epo expression was also relatively

high in animals injected with both pT2F/Cage and pUbSB10 (Fig 7C); however induction

of Cre recombinase in this group resulted in only a 57% reduction in Epo levels seven

days following induction.  The amount of expression that remained was 50 fold higher

than that observed in the induced group that did not receive transposase.  Co-delivery of

pUBSB10 thus conferred protection from Cre-mediated silencing, likely through SB-

mediated transposition into genomic DNA.
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Molecular genetic analysis of In vivo Cre-Mediated Silencing.  To determine

the efficiency of Cre induction in silencing untransposed sequences at the molecular

level, we first recovered plasmid DNA from the livers of representative mice in each

group, before and after induction of Cre.  DNA extracts from the livers of these animals

were used to transform E.coli, allowing isolation and characterization of a total of 196

plasmids (Table 1). We expected to recover four different plasmid structures, each giving

a distinct pattern when digested with KpnI, allowing the plasmid populations to be

rapidly characterized.  Without co-delivery of SB transposase-encoding plasmid (Table

1), 98% of the plasmids remained unsilenced in the absence of Cre induction, while in the

induced group 96% of the recovered plasmids were silenced.  These results indicate a

very low level of background Cre-mediated silencing in the absence of induction, while

upon induction of Cre expression there is very efficient Cre-mediated silencing of

plasmids in the liver.  These results also correlate well with the reduction in Epo

expression observed between these two groups (Figs 7A and 7B). In the groups treated

with transposase-encoding plasmid, 94% of the recovered plasmids were unmodified in

the uninduced group while 81% were silenced in the induced group.  Several plasmids

recovered from this study were chosen at random and the sequence of their

recombination sites was verified (data not shown).    We observed only one plasmid

containing a “footprint”, i.e. the remnant of transposon excision.

To further investigate the effectiveness of Cre-mediated silencing, Southern blot

analysis was conducted on extracted genomic DNA.  Samples were digested with BseRI

and hybridized with a PCR generated mEpo probe (Fig 8).  In this analysis, BseRI

digestion generates an 1815 bp mEpo hybridizing fragment from unmodified plasmid and
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Table 1.  Analysis of plasmid DNA recovered from the liver.

Plasmids were recovered by transformation of total genomic DNA into E. coli DH5a and

characterized by KpnI restriction digestion. Unmodified pT2F/Cage plasmids were

identified by the presence of a 6688-bp fragment (see Fig. 6). Plasmids silenced by Cre

recombination were identified by the presence of a 4592-bp KpnI fragment (see Fig. 6).

KpnI digestion of pUbSB10 generates fragments of 4427 and 1323 bp, easily

distinguishable from pT2F/Cage fragments. Each sample group was generated from

genomic DNA extracted from one mouse liver.
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Table 1:  Analysis of plasmid DNA recovered from the liver

pT2F/Cage    pUbSB10   Cre Induction
Unmodified Silenced

% Silenced Group

       +                  −                   − 47 1 2% A

       +                  −                   + 2 46 96% B

       +                  +                   − 45 3 6% C

       +                  +                   + 9 39 81% D
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FIGURE 8.  Southern blot analysis of plasmid populations recovered from mouse

liver. Genomic DNA samples isolated from the liver (10 µg) and plasmid control

samples (10 pg) were digested with BseRI and probed with a radiolabeled Epo cDNA

fragment as described in Materials and Methods. Samples shown in lanes 1, 2, 3, and 4

were isolated from individual mice treated identically to the animals in groups A, C, B,

and D from Fig. 9, respectively.  Samples collected from uninduced animals (lanes 1 and

2) were harvested one week after administration of plasmid DNA, and samples from

animals induced for Cre expression were harvested two weeks after administration of

plasmid DNA.  C; normal liver control sample.  p: Positive control of unmodified

pT2F/Cage plasmid.  Sil: Positive control of silenced pT2F/Cage plasmid (see Table 1).

3T3:  Genomic DNA isolated from untreated 3T3 cells as an additional negative control.

Sizes of λ HinDIII markers (in kb) are shown on the left side of the gel, and the locations

of Epo-hybridizing fragments generated from unmodified pT2F/Cage (Unmod), silenced

pT2F/Cage (Sil), and the endogenous Epo gene (Epo gene) are shown on the right side of

the gel.
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a 4124 bp mEpo hybridizing fragment from silenced plasmid (see plasmid controls in

Fig. 6A).   The doublet at 2500 and 3000 bp is the endogenous mEpo gene, and the

intensities of these bands can be used as a loading control.  We observed a marked shift

in the intensity of unsilenced plasmids in the uninduced groups (lanes 1 and 2) to a much

weaker signal in the induced groups (lanes 3 and 4).  This was coupled with appearance

of the 4124 bp mEpo-hybridizing fragment diagnostic of the silenced form of the plasmid

in the induced groups.  These results provide further support for the effectiveness of in

vivo Cre-mediated silencing of floxed plasmid DNA.  Residual unmodified sequences in

the samples obtained from induced animals could be the result of plasmid sequences

lodged in tissue sites that are extracellular and thus not exposed to Cre recombinase.
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Discussion

Reaching the specific expression threshold that will result in alleviation of disease

symptoms is a major hurdle for any gene replacement based therapy, not to mention

maintaining those levels of expression to offer long-term correction. The Sleeping Beauty

transposon system is capable of mediating stable integration of engineered transposons

into many different types of cells and tissues [121, 125, 150, 151] but because it is DNA

based, expression from the genetic cargo is not necessarily dependent on integration.  To

better understand SB’s ability to achieve long-term therapeutic levels of expression from

integrated transposons, we describe here a method of distinguishing between expression

that originates from integrated transposons, excluding episomal plasmids or

nonhomologous chromosomal recombinants.  Using the LoxP/Cre recombinase system

and the interferon-inducible Mx1Cre trangeninc mouse, we show that Cre induction in

mice infused with floxed transposons encoding an Epo reporter gene are reduced 100-

fold in the absence of transposase.  When these plasmids were co-delivered with a source

of transposase, there was a 30-fold increase in Cre-resistant Epo reporter gene expression.

Southern blot analysis and restriction analysis of plasmids recovered from the livers of

these animals provided molecular evidence to support the efficiency of induced Cre

recombinase in the Mx1Cre mouse to achieve a high level of Cre-mediated

recombination.  Epo reporter expression that remained resistant to recombination via

transposition supports the effectiveness of the Sleeping Beauty transposon system to

achieve stable gene transfer in vivo.  This system may be used as a tool in the design of

future experiments to characterize transposition in any system, in vivo or in vitro, where

Cre recombinase levels can be manipulated.
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Since development of a method of easily delivering naked DNA by rapid tail vein

injection, primarily to the livers of mice, numerous studies have been published on

successful nonviral gene transfer and many of these have demonstrated expression of

reporter genes as well as therapeutic genes for an extended period of time [81, 171-174].

In such cases, much of the expression is believed to stem from plasmids that remain

episomal where the longevity of expression depends of the stability of these plasmids.

Our data indicate that SB-mediated integration of transgene sequences facilitates long-

term expression, reducing and potentially eliminating the need for vector

readministration. The persistence of expression resulting from gene integration using the

Sleeping Beauty transposon system has been demonstrated by several groups such as

Yant et al. [134, 149], who reported elevated levels of human FIX as well as AAT

expression directly associated with co-delivery of a transposase encoding plasmid.  Stable

integration and persistence of expression was observed in animals receiving a partial

hepatectomy [73, 175] as well as selective outgrowth of insertion events in the murine

model for FAH deficiency [176, 177].  In these cases it was concluded that stable

expression required integration in order for transgenic sequences to be maintained.

However, there are exceptions where expression of non-integrating plasmids has been

observed out to 18 months [178].

The assessment of expression originating from integrated DNA-based vectors is

inherently more challenging than that of a retroviral-based vector system, which relies on

reverse transcription and integration for expression of its RNA transgene cargo.

Although there has been a great deal of work reported detailing the persistence of
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expression based on insertion through transposition, Sleeping Beauty transposon

plasmids contain everything that is necessary for transgene expression without the

requirement of integration.  Up to this point there has not been a way to distinguish the

amount of expression associated with transposition, especially during the time period

following injection of DNA.  When the DNA is first injected there is a large burst of

expression within the first 24 hours due primarily to expression from plasmids while they

remain episomal [122, 179].  This level remains high until the plasmids are cleared by the

cells or diluted as the cells divide.  Although it is possible to recover flanking sequence

from integrated transposons to confirm integration events, it is difficult to quantitatively

assess the level of expression associated with these elements.  Usually, the effectiveness

of the transposase is evaluated through a comparison with animals infused with

transposon vector in the absence of transposase.  Even under these circumstances, it is

very difficult to distinguish between expression associated with nonhomologous

recombination vs. actual transposition events.

Using the T2F floxed transposon system we have shown that it is possible to

quantitatively assess the activity of SB transposase soon after its delivery to Mx1Cre

transgenic mice.  Initially we established the ability of the T2F floxed transposon to be

efficiently silenced in vitro utilizing cre-mediated recombination to segregate a reporter

gene from its promoter (Fig. 6B).  A prominent reduction (100-fold) in Epo expression

was observed in Mx1Cre animals injected with the pT2F/Cage plasmid, following

induction of Cre expression (Fig.  7B).  In comparison, when the plasmid was co-

delivered with a source of transposase, the drop in Epo expression was not nearly as great

following Cre induction (Fig. 7D).  We suggest that the 30-fold difference in Epo
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expression between these two groups is the result of resistance to Cre-mediated

recombination following SB-mediated transposition.  This result can be seen as a

quantitative assessment of expression resulting directly from transposition events soon

after delivery of a floxed transposon and a SB transposase source.  The ability to induce

the expression of Cre within these animals at various time points also provides an

opportunity to temporally assess transposition following the delivery of floxed plasmids.

By establishing a window of time where transposition must occur, the T2F

transposon system provides a tool for the study of transposition in multiple cell types in

vivo as well as in vitro. This can be used to examine many different facets of gene

transfer in the SB transposon system and could easily be applied to other transposon

systems as well.  By establishing a window of time where transposition occurs, this

system could be used to quantitate SB’s function in dividing vs. nondividing cell

populations.  It could also be used to compare the effectiveness of different SB

transposase variants and potentially even establish rates of transposition [129, 131, 133].

The Mx1Cre mouse has been shown to effectively induce Cre expression in the liver and

it may be possible to utilize other Cre expression models to examine transposition in

other tissues.  By allowing transgene expression levels to be directly correlated with

transposition events, the floxed T2F transposon system provides a way to gain insight

into not only the effectiveness of the transposase in  mediating chromosomal integration

of the engineered transposons, but also the safety of transposition as an approach for

nonviral genetic therapy.
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MATERIALS AND METHODS

Plasmids.

(i) pT/L and pCMVSB10 have been previously described [119, 125][3,14].  A

shuttle plasmid termed “pCre” was used for expression of Cre recombinase engineered

for nuclear localization under transcriptional regulation of the CAGS promoter [180][34].

(ii) SB10 was placed under regulation of the ubiquitin C promoter by isolating an

Eag I–Sal I fragment containing the SB10 coding sequence and SV40 polyadenylation

signal from pCMVSB10 and cloning it into pUB/ V5-HisA (Invitrogen Life

Technologies) between Not I and Xho I. The ubiquitin promoter, SB10 cDNA, and SV40

sequences were then excised as a Bgl II–Xba I fragment and inserted into the pSL301

superlinker plasmid backbone (Invitrogen Life Technologies) to generate pUbSB10.

(iii) For construction of pT2/Cage, the murine erythropoietin cDNA was obtained

by PCR using pVRmEpo [181][35] as template with primers EpoF (5’-GAGGGGACAG-

GTGAACTAGATCTCCC-3’) and EpoR (5’-GGGACATCTAGATCACCTGTCCC-

CTC-3’) and subsequently cloned into pCR2.1-Topo (Invitrogen) to form pTopoEpo. An

EcoRI fragment containing the mEpo coding sequence was recovered and inserted into

pCags49 (pCags [182][21] modified by insertion of a 49-bp EcoRI–Eco RI polylinker,

AATTCCTCG AAAGATATCACAGCTGTACTCGAGAGCGGCCGCACTGG-

CCGTCGTTTTACTCGAGGAATT). A Sal I (blunted by fill in)–Hin dIII fragment

containing the CAGS promoter, mEpo coding sequence, and rabbit h-globin

polyadenylation signal was isolated and cloned into pT2/HB [129][31] between Msc I

and HindIII to form pT2/Cage.



71

(iv) pT2/L was generated by insertion of a SmaI–BamHI fragment containing the

RSV promoter, luciferase coding sequence, and SV40 polyadenylation signal into

pT2/HB [37] as previously described for construction of pT/L [125][14]. pT2F/L (Fig. 2)

was then constructed from pT2/L by insertion of a PCR product generated from the

pT2/L template with primers containing LoxP sites (underlined in the sequences below).

A PCR using a downstream primer (5V-CGGATATCCCATGGATAACTTCGTA-

TAATGTATGCTATACGAAGTTATCCAACAGTACCGGAATGCC-3V) and

an upstream primer (5V-GCGTCGACGAGCTCATAACTTCGTATAGCATA-

CATTATACGAAGTTATGGCGAATTGGTGCTCGG-3V) generated an 835-bp

fragment containing a Sac I site, the outer LoxP sequence, the left IR/DR, the RSV

promoter, the inner LoxP sequence, and an Nco I site. This was then inserted directly into

pT2/L from Sac I–Nco I to generate pT2F/L.

(v) For construction of pT2F/Cage (Fig. 2), a PCR product was amplified from the

pT2F/L template using the primers Flox1 (5V-CAAGCTTCCAGTCACGACGTTGTA-

AAACGACGGCC-3V) and Flox2 (5V- TAAGCTTCCGCGGGGGATCCGAGCACC-

AATTCGCCATAACTT-3V). The resulting 149-bp PCR product, containing a LoxP site

introduced into plasmid sequence located upstream of the transposon IR/DR, was cloned

into pCR2.1-Topo. An Spe I–Xba I fragment containing the LoxP site was recovered

from the pCR2.1-Topo clone and ligated into the Xba I site located in the h-globin intron

of pT2/Cage. An upstream LoxP site was then introduced as part of a Kpn I–Afl II vector

fragment isolated from pT2F/L to generate pT2F/Cage.
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Mammalian cell culture and transfection.

HeLa cells were routinely cultured in DMEM supplemented with 10% fetal bovine

serum, 2 mM glutamine, and antibiotics (100 U/ml penicillin, 100 µg/ml streptomycin,

0.25 Ag/ml Fungizone). Transfections were carried out in 6-cm plates using the

DNA–calcium phosphate coprecipitation procedure [183][36]. Briefly, plasmid DNA was

suspended in 250 µl 0.2 M CaCl2 and added dropwise to 250 µl 2 Hepes-buffered saline

(280 mM NaCl, 50 mM Hepes, 1.5 mM sodium phosphate, pH 7.1). After 5 min, the

resulting solution with precipitate was added to cells, incubated for 3 h, and then

removed. Cells were then washed with PBS and replenished with serum-containing

DMEM. Two days later the cells were harvested by trypsinization, lysed by three cycles

of freeze–thaw, and assayed for luciferase activity as described below.

Animals and plasmid DNA injections.

All mice were maintained in accordance with the University of Minnesota

Institutional Animal Care and Use Committee. C57BL/6 mice, 8 to 10 weeks of age,

were obtained from The Jackson Laboratory. SB transgenic mice, established on an

FVB/N background, have been previously described [124][22]. Mx1Cre transgenic mice

[184][23] were backcrossed onto the C57BL/6 background (six generations) and

maintained in a specific-pathogen-free environment. Plasmids were introduced into mice

systemically using a rapid, high-volume technique originally described by Liu et al.

[185][25] and by Zhang et al. [70][26].  Briefly, animals were anesthetized with a

mixture of ketamine (160 mg/kg), acepromazine (2 mg/kg), and butorphanol (0.2 mg/kg).

Plasmid DNA (amounts indicated under Results) was brought to 10% vol/body wt in
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RingerTs solution and injected through the tail vein in less than 10 s. For induction of Cre

expression in Mx1Cre mice, animals were administered 250 µg

polyinosinic–polycytidylic acid sodium salt (Sigma P0913; 1 mg/ml solution in 150 mM

NaCl) delivered by intraperitoneal injection every other day for 5 days.

Reporter assays.

Luciferase expression was assayed in cell and tissue extracts as previously

described by Belur et al. [9]. Briefly, test animals were perfused with 0.9% saline and

then the liver was harvested and homogenized for 20 s in 0.2 ml of lysis buffer (Promega)

using a Powergen 125 hand-held homogenizer (Fisher Scientific, Pittsburgh, PA, USA).

Test samples were centrifuged at 16,000g for 5 min and then the supernatant was assayed

for luciferase using 100 Al luciferin substrate on a Berthold Luminat LB 9507

luminometer. Protein was determined using the Coomassie blue binding assay as

formulated by Bio-Rad with bovine serum albumin as standard. Luciferase activities are

reported as RLU per 10 µg protein. Plasma was prepared from the blood of test animals

after collection from the retro-orbital sinus, and murine erythropoietin was quantitated by

enzyme-linked immunosorbent assay (ELISA) at the University of Minnesota Cytokine

Reference Laboratory.

Molecular genetic analysis: plasmid recovery and Southern hybridization.

Genomic DNA was isolated from tissues as previously described [186][37]. Briefly,

liver tissue was digested overnight by incubation in 0.5% SDS, 0.1 M EDTA, 10 mM

Tris–Cl (pH 8.0), and 100 µg/ml proteinase K at 55°C. Samples were extracted with
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phenol and chloroform, supplemented with 0.2 volumes 7.5 M am

monium acetate and then total nucleic acids were precipitated by addition of 2 volumes

100% ethanol at room temperature. For recovery of plasmids, 1.0 µg total DNA was

mixed with 40 µl electrocompetent E. coli (ElectroMax DH10B; Invitrogen Product

18290-015), placed in chilled 0.2-cm-gap cuvettes (Bio-Rad Cat. No. 165-2086), and

electroporated on a BTX Electro Cell Manipulator ECM 600 (T, 2.5 kV; R, 129 ohm; S,

245 kV; t, 5–6 s). The mixture was supplemented with 900 µl SOC medium (Invitrogen

46-0700) and incubated at 378C for 1 h with shaking before being plated on LB agar

containing 20 Ag/mlcarbenicillin. For Southern hybridization, 15 µg of genomic DNA

was digested with BseRI, electrophoresed on 1% agarose/ TAE, and then transferred to a

Zetabind membrane. The blot was UV cross-linked; washed once in 0.1 SSC/0.1% SDS;

prehybridized in a solution containing 4x SSC, 4x DenhardtTs, 0.1 mg/ml salmon sperm

DNA, and 2% SDS overnight at 65°C; and then probed for Epo sequences in a solution

identical to the prehybridization solution except for the addition of 10% dextran sulfate

and approximately 50 ng radiolabeled Epo DNA probe. For probe, a 608-bp Epo

fragment was generated by PCR using upstream (5’GGGAGATCTAGATCACCTGT-

CCCCTC-3’) and downstream (5’-GGGTCGACAGCGGGGCCATGGGG-3’) primers

with pT2F/Cage as template. The fragment was radiolabeled by random priming using

[32P] dCTP and the Roche random hexamer kit.
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Abstract

Nondividing cell populations are frequently targets for both ex vivo and in vivo

gene therapy, requiring gene delivery systems that are capable of transducing or

transfecting such populations.  This can be a challenge for nonviral delivery systems as,

once they have successfully entered a cell, they do not have the advantage of an evolved

mechanism for trafficking across the nuclear membrane.  Even if nuclear localization is

achieved, without a process to mediate chromosomal integration, expression of the

therapeutic cargo will eventually be lost, as the vector is degraded or diluted by cell

division.  To determine whether the Sleeping Beauty (SB) transposon system is capable

of mediating gene transfer and integration of engineered transposons in nondividing cells,

several methods of halting cell division in HeLa cells were tested. HeLa cells were

transfected with plasmids containing transposons encoding neomycin phosphotransferase

with or without a source of transposase while the cells were maintained in a nondividing

state using aphidicolin or serum starvation.  Although these treatments caused an overall

reduction in transfection efficiency, the presence of transposase resulted in a 10-fold

increase in neomycin resistant colony formation in cells that were either aphidicolin or

serum starved and arrested.  These results support the hypothesis that SB is able to

mediate stable integration of transposons in nondividing cells.
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Introduction

Every cell in the body can be a target for gene delivery and each presents its own

unique challenges.  Many different approaches have been developed for somatic delivery

of genes to a desired tissue and to achieve uptake into the cells present within that

population.  These techniques differ greatly between viral and non-viral based vector

systems with the common goal of entry into the nucleus of the target cell where the gene

“cargo” can gain access to the cell’s transcriptional machinery for subsequent expression.

Nonviral gene therapy depends largely on the DNA itself to enter the cell nucleus, a

process that is independent of the method used to deliver DNA to the cell.  Many of the

tissues commonly targeted for gene delivery are composed primarily of non-dividing

cells.  Transfection of these cell types requires the vector to not only move across the

outer cell membrane and escape from the endosome, but to localize to the nucleus, which

remains intact in non-dividing cells.  Many studies suggest that this final step of

translocation across the nuclear membrane is rate limiting for nonviral gene transfer [187,

188].  Viral vectors have evolved mechanisms for efficiently moving through the outer

cell membrane, traveling to the nuclear membrane and utilizing nuclear pores for

transport.  Some viral vectors, such as those based on the murine leukemia virus (MLV),

require the cell to undergo a cycle of division to gain access to the nucleus when the

nuclear membrane disassembles [38, 39].  Lentivirus vectors, on the other hand, are

capable of gaining access to the nucleus by utilizing a cells microtubule network for

active transport and entering via the nuclear pore complex (NPC) [57, 189, 190].   The

Sleeping Beauty transposon system is DNA based and typically consists of a plasmid

carrying a transposon and a source of transposase, typically also delivered as DNA.
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Excision and insertion of the transposon operates via a cut and paste method, requiring

both the transposase enzyme and its substrate, the transposon, to be present in order for

transposition to occur. In the absence of cell division, DNA based vectors can be

modified to increase their efficiency in translocating to the nucleus [85] and the Sleeping

Beauty transposase contains a functional nuclear localization signal that may enhance its

trafficking to the nucleus [119].

For gene transfer and integration of the transposon, the plasmids containing the

transposase and transposon must first cross the cell membrane (Figure 1).  Because DNA

is negatively charged and the plasmids are generally large (4-12 kb), the primary way this

occurs is through endocytosis [191, 192].  The plasmids must then escape from their

intracellular endosomes and gain access to the cytosol or else they will be degraded by

lysosomal enzymes [193].  Once the plasmids are free in the cytosol, they must make

their way to the nucleus.  For naked DNA, recent data suggests that there is a protein-

DNA interaction which allows the DNA to utilize the microtubule network to reach the

nuclear membrane [194].  In the absence of mitosis, the only known access point the

DNA has to enter the nucleus is the NPC [195].  Once in the nucleus, the SB transposase

is transcribed and subsequently translated in the cytoplasm.  SB’s NLS traffics the

transposase back to the nucleus and it is possible that it binds to any transposon IRDR

sequences that it encounters, bringing it with into the nucleus.  Once four SB molecules

have bound to the transposon, it is excised from its plasmid backbone and inserted at a

chromosomal location encoding a TA dinucleotide.
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Figure 1  Entry of Plasmid DNA to Cell and Nucleus
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Figure 1  Entry of Plasmid DNA to Cell and Nucleus

Delivery of plasmids to the nucleus resulting in SB-mediated transposition is a

multi-step process.  Initially, plasmid uptake is mediated through endocytosis, where it is

brought into the cytoplasm within an endosomal compartment.  From this point, the DNA

must escape from this compartment to avoid eventual degradation within lysosomal

compartments.  Once freed from the endosome, the plasmids must find their way to the

nucleus and the nuclear pore complexes (NPC) while avoiding degradation from

cytoplasmic nucleases.  If the cell is not dividing, the DNA must utilize the NPC to enter

the nucleus.  Plasmids reaching the nucleus will begin to transcribe their transgenes, and

their RNA messages will be exported from the nucleus to be translated in the cytoplasm.

The SB transposase will be directed back to the nucleus through it nuclear localization

signal where it can then locate transposon binding sites, beginning the cut-and-paste

process of SB-mediated transposition to a TA dinucleotide within the genome.
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To test Sleeping Beauty’s ability to mediate transposition in nondividing cells, we

sought a means of generating a population of cells that could be transfected while in a

nondividing state.  A standard method for determining transposition efficiencies is to use

a transposon containing a neomycin resistance gene, subculturing the transfected cells in

medium containing G418 and determining the frequency of drug-resistant colony

formation [119].  Since cell division is necessary for colony formation, the cells to be

tested cannot remain in a nondividing state.  To halt cell division during transfection we

examined the use of methotrexate (MTX), aphidicolin, and serum starvation as three

possible methods.

Methotrexate is an antifolate and a competitive inhibitor of the enzyme

dihydrofolate reductase.  MTX is highly toxic to rapidly dividing cells through depletion

of purine and thymidine nucleotides and other products of tetrahydrofolate metabolism

[196]. An appropriate level of MTX may halt cell division for a period of time with

subsequent rescue by removal of MTX.  Aphidicolin (APH) is a reversible inhibitor of

the DNA polymerase alpha subunit [197], halting the replication of chromosomal DNA

without affecting mitochondrial DNA, RNA, or protein synthesis.  APH competes with

dCTP, a cytidine nucleotide triphosphate necessary for DNA synthesis [198, 199].

Starving the cells, by removing the fetal bovine serum (FBS) from the cell culture

medium, is also a method that has been used to halt cellular division in HeLa cell [200].

Of these three methods, serum starvation and aphidicolin treatment halted cell growth

while maintaining cell survival through transfection of the DNA constructs.  There is no

known reason that the SB transposon system should be unable to function in a

nondividing cell, as the actions of the transposase do not appear to be impeded by the
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nuclear membrane.  Rather it is most likely that the difficulty in assessing its capabilities

resides in the challenge of delivering the plasmid or plasmids to the nucleus.  For these

experiments, we will assume the efficiency of plasmid delivery will remain equivalent for

each cell division-halting technique.  This means that while serum starved cells may

achieve ~20% higher transfection rates than those treated with aphidicolin, the

transfection rates of groups including transposase compared to those that do not will

remain equivalent to each other, thus allowing the comparison of drug resistant colony-

formation as a read-out for transposition efficiency.
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RESULTS

Sensitivity of HeLa Cells to Varying Concentrations of Methotrexate

To identify MTX concentrations that inhibit HeLa cell division while maintaining

cell survival, a toxicity profile was determined. HeLa cells were plated at low density in

varying concentrations of MTX ranging from 0.001 µM to 1.0 µM (Figure 2).  Four

different concentrations of inosine were also tested to determine if there would be any

protection to MTX toxicity conferred by its presence.  Following four days of incubation,

all groups were assayed for cell growth using the Promega Cell Titer 96 Aqueous Non-

Radioactive Cell Proliferation Assay.

There was little effect on cell proliferation at MTX concentrations up to 0.01 µM,

while concentrations above 0.1 µM were uniformly lethal.  Although the higher

concentrations of inosine did appear to offer some early protection up to 0.01 µM MTX

as well as decrease the rate of cell death between 0.01 µM and 0.1 µM, all levels 0.1 µM

and above were lethal.  At 0.01 µM MTX there was a minimal change in cell density in

comparison to 0.001 µM, suggesting that there is little to no effect of MTX on the ability

of cells to divide in this concentration range.  We subsequently focused on the range of

0.01 to 0.1 uM MTX as a concentration that may be capable of inducing a block in

cellular division.
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Figure 2 Effect of Inosine on MTX toxicity
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Figure 2  Effect of inosine on methotrexate toxicity in replicating HeLa cells.

HeLa cells were plated in a four-day growth assay under varying concentrations of MTX

(0.001 µM, 0.005 µM, 0.01 µM, 0.05 µM, 0.1 µM, 0.5 µM, 1.0 µM).  Four differing

concentrations of inosine were also tested (0.0 µM, 10 µM, 100 µM, 1.0 mM) to

determine any protective effect at these levels of MTX.  After four days, each group was

assayed in triplicate for cell proliferation, as described in Materials and Methods.
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Because any cell division block will result from a depletion of reduced folates, the

amount of time needed to halt cell division is unknown.  To determine the progression of

folate depletion and its effect on cell division, a time course of HeLa cell growth was

carried out at varying concentration of MTX (Figure 3A).  Cells were plated at eight

different concentrations of MTX varying from 0.01 to 0.2 µM, a concentration previously

established as toxic. Cell densities were assessed daily for five days (Figure 3A). Cell

densities increased normally in all groups for the first two days, before a divergence in

the growth characteristics emerged on day three.  Cells cultured at the lowest

concentration of MTX (0.01 µM) continued to increase at rates comparable to the control

(no MTX), while cells densities cultured at all MTX concentrations 0.03 µM or higher

cease to increase any further.  Although MTX concentrations 0.03 µM and higher did

prevent an increase in cell densities, they were also as toxic to the cells as the 0.2 µM

MTX concentrations, resulting in a large number of dead and or detached cells in each

well.

To examine the effect of inosine as a means of protection from the toxicity of

MTX, the same experiment was conducted in the presence of 100 µM inosine (Figure

3B).  We observed that 100 µM inosine delayed the toxic effect of MTX in all groups by

one day.  By day four the 0.01 µM MTX group was again unaffected.   Cells cultured at

most other concentrations of MTX lost viability after day 3, but interestingly the 0.03 µM

group maintained its cell density to day five, appearing by these results to cease dividing.
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Figure 3 Effect of MTX concentrations on HeLa cell growth

A.  No Inosine              B. 100 µM Inosine

0.00

0.50

1.00

1.50

2.00

0 1 2 3 4 5

0.0
.01
.03
.05
.07
.09
.15
.2

A
b

s
o

rp
ti

o
n

 a
t 

4
9
2
 n

m

Day
uM MTX

0.00

0.50

1.00

1.50

2.00

0 1 2 3 4 5

0.0

.01

.03

.05

.07

.09

.15

.2A
b

s
o

rp
ti

o
n

 a
t 

4
9

2
 n

m
Day

uM
MTX

DayDay



88

Figure 3  Effect of MTX concentrations on HeLa cell growth

(A) HeLa cells were plated in medium containing varying concentrations of MTX

and their growth was monitored for five days.  Concentrations of 0.03 µM or higher

resulted in cell death by the end of five days, while concentrations below 0.02 µM

allowed the cells to grow normally. (B) Incorporation of 100 µM inosine delayed the

onset of cell death by one day, and the 0.03 µM MTX group appeared to reach a state of

equilibrium after day four.  Concentrations of MTX 0.05 µm or higher were fatal to the

cells.
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Serum starvation halts cellular division of HeLa cells

Using the Promega Cell Titer 96 Aqueous Non-Radioactive Cell Proliferation

Assay, HeLa cell growth was monitored at eight varying concentrations of fetal bovine

serum ranging from 10% to 0% over a five-day period (Figure 4).  Surprisingly, the

growth of the HeLa cells remained fairly consistent in serum concentrations ranging from

10%, the standard recommended level of serum, down to 0.3%.  It was only at serum

levels below 0.1% that a reduction in cell growth was observed, and cells cultured in the

absence of serum remained in a non-dividing state.  Serum starvation has been shown to

arrest cell division in the G0-G1 phase of the cell cycle [39, 200] and this method of

halting cell division will be used further in an attempt to transfect nondividing cells with

transposon and transposase carrying plasmids.
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Figure 4   Effect of serum starvation on growth of HeLa cells
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Figure 4  Serum starvation halts replication of HeLa cells

HeLa cells were cultured under various growth conditions by modulating the

amount of FBS present in each group from 0.0% to 10%.  Cell growth was monitored for

five days and cell densities were recorded as a measure of absorbance at a wavelength of

492 nm.  While serum levels at or above 0.3 % FBS resulted in an increase in density

comparable to those groups at 10 % FBS, only the complete removal of serum resulted in

cessation of cell growth.
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Transposition occurs in nondividing HeLa cells under starvation conditions

HeLa cells were placed under starvation conditions to halt cell division and

transfected using the cationic liposomal complexing reagent (Lipofectin).  The dividing

and nondividing cell groups were subdivided into two groups, one containing a source of

transposase delivered on a separate plasmid, and the other receiving a control plasmid

(pUC19) to maintain consistent levels of transfected DNA.  Cells were placed under

starvation conditions 24 hours prior to transfection, and twice as many cells were plated

in the FBS- wells in an attempt to keep the total number of transfected cells consistent, as

HeLa cells in the presence of 10% FBS double approximately every 24 hours.  Serum

conditions were maintained for 72 hours post transfection at which time the cells were

collected and counted.  Each plate was divided and subcultured into medium containing

10% FBS with or without 0.7 mg/ml G418.  These conditions were maintained for two

weeks whereupon the plates were stained with crystal violet and the colonies counted.

The plating efficiency of HeLa cells was found to average 60% (colonies/cells plated)

regardless of prior culture in the presence or absence of serum (Table 1A).  When the

cells were transfected with lipofectin, both the serum starved and serum fed groups

averaged a plating efficiency of 4.0% (Table 1B) clearly suggesting that this method of

tranfection is toxic for the cells.  The plating efficiencies for each transfected plate were

used as a standard to calculate the number of integration events per plate.  Co-delivery of

SB transposase in routinely cultured cells (in the presence of serum) resulted in a 10-fold

increase in the frequency of G418 resistant colony formation.  While there was an
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Figure 5  Transposition in Serum Starved HeLa Cells
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Figure 5 Transposition in Serum Starved HeLa Cells

(A) HeLa cells transfected using Lipofectin and either 1 µg pT/Neo + 1 µg

pUC19 or 1 µg pT/Neo + 1 µg pSB10 in serum containing 10% FBS, or no FBS.  N=3

for each group.  After transfection, cells were maintained in theses conditions for 48

hours before subculturing to in G418 for selection of resistant clones, as well as DMEM

containing 10% FBS for cell plating efficiencies, to calculate transfection efficiencies.

(B) The pT/Neo transposon consists of Rous sarcoma virus (RSV) promoter regulation

the expression of a neomycin transgene flanked by two SB IR/DR sequences.  The

Sleeping Beauty transposase is regulated by the human cytomegalovirus immediate-early

promoter (CMV) on a separate plasmid, pSB10.
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Table 1  HeLa Cell Plating Efficiencies Under Various Transfection Conditions

A Untransfected HeLa Cell Plating Efficiencies
# Cells Plated # Colonies Formed PE as a %

300 224 74.6 %
900 624 69.3 %
3000 1848 61.6 %

B Lipofectin Transfected Cell Plating Efficiencies in the presence of FBS
Tfxn Condition Plasmids # Cells Plated # Colonies Formed PE as a %

+ FBS pUC19 40,140 1,775 4.42 %
+ FBS pT/Neo 21,175 699 3.30 %
+ FBS pT/Neo +

pSB10
22,000 872 3.96 %

C Lipofectin Transfected Cell Plating Efficiencies in the absence of FBS
Tfxn Condition Plasmids # Cells Plated # Colonies Formed PE as a %

- FBS pUC19 35,500 1190 3.35 %
- FBS pT/Neo 1,349 55 4.08 %
- FBS pT/Neo +

pSB10
2,046 100 4.89 %

D Lipofectin Transfected Cell Plating Efficiencies in the presence of Aphidicolin (APH)
Tfxn Condition Plasmids # Cells Plated # Colonies Formed PE as a %

+ APH pUC19 31,350 715 2.28 %
+ APH pT/Neo 33,550 760 2.27 %
+ APH pT/Neo +

pSB10
36,850 683 1.85 %
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Table 1  HeLa Cell Plating Efficiencies

HeLa cells were trypsinized, collected, and a small percentage of the cells were stained

with 0.4 % trypan blue and counted using a hemocytometer.  Aliquots of each group were

subcultured on 10 cm plates with DMEM containing 10% FBS for 10-14 days, stained

with crystal violet and counted. (A) HeLa cells not subjected to any conditions other than

standard subculturing.  (B)  HeLa cells transfected with either pUC19, pT/Neo, or

pT/Neo + pSB10, complexed with Lipofectin Plus reagent. (C) HeLa cells starved for 48

hours prior to transfection with either pUC19, pT/Neo, or pT/Neo + pSB10, complexed

with Lipofectin Plus reagent.  (D) HeLa cells administered 5.0 µM APH three hours prior

to transfection with either pUC19, pT/Neo, or pT/Neo + pSB10, complexed with

Lipofectin Plus reagent.
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approximately 3-fold reduction in colony formation between the FBS+ group and the

FBS- group, cells placed under starvation conditions  also exhibited a 10-fold increase in

G418 resistant colony formation when a source of transposase was included in

comparison with serum-starved cells transfected with transposon alone.  While we did

not confirm that transposition occurred prior to the initiation of cell division following

serum starvation, it is reasonable to infer that some of the gene transfer occurred during

this time.  Further experiments need to be designed that are more stringent to determine

that transposition events have occurred in a cell that has remained in a nondividing state.

Transposition occurs in HeLa cells treated with Aphidicolin

Halting cell division with a chemical inhibitor such as aphidicolin (APH) may

allow tighter control of the replication block.  Previous studies have used various

concentrations of APH ranging from 0.01 µM to 2.5 µM to decrease DNA replication in

cells, but it wasn’t until a level of 3.0 µM was used that >99% of DNA synthesis was

inhibited [201].  Levels as high as 5.0 µM have also been used without causing extensive

cell death, and as the rate of blocking replication is dose dependent, the higher

concentration of 5.0 µM will be used.

HeLa cells were incubated in 5.0 µM APH three hours prior to transfection and

were maintained at this level until cells were subcultured in medium containing G418

two days later.  Cell counts from parallel cultures maintained in the absence of APH were

consistently 4-5 times higher than the corresponding APH containing groups, which

corresponds to the average doubling of HeLa cells over a two-day period of time.

Subcultures from each group where then diluted and replicate plates of each were placed
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in medium with and without 0.7 mg/ml G418 to determine the frequency of drug-resistant

colony formation and the average plating efficiency, respectively, of each cell population.

These data were then used to calculate the transfection efficiency of each group.  The

cells treated with aphidicolin averaged a plating efficiency of 2.0% and showed nearly a

5-fold increase in G418 resistant colony formation when transposase was co-transfected.

The control group not receiving any aphidicolin averaged a plating efficiency of 4.0%

and showed a 19-fold increase in G418 resistant colony formation.  Interestingly, the

number of colonies formed from groups not containing a SB source was nearly equal

with 204 and 216 integrations per 105 cells in the control group verses the aphidicolin

group, respectively.  In the groups that contained SB, the aphidicolin group produced

only about one-fourth the number of colonies formed in the control group, suggesting that

the nuclear membrane may indeed act in a rate limiting fashion for the SB transposase.
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Figure 6 Transposition Occurs in HeLa Cells Treated With Aphidicolin
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Figure 6 Transposition Occurs in HeLa Cells Treated With Aphidicolin

HeLa cells were transfected using Lipofectin and either 1 µg pT/Neo + 1 µg pUC19 or 1

µg pT/Neo + 1 µg pSB10 in the presence or absence of 5.0 µM aphidicolin.  N=3 for

each group. After transfection, cells were maintained in theses conditions for 48 hours

before subculturing to in G418 for selection of resistant clones, as well as DMEM

containing 10% FBS for cell plating efficiencies, to calculate transfection efficiencies.
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Discussion
In this study, we have shown that the Sleeping Beauty transposon system is

capable of mediating transposition in cells that are placed under a replicative block.  Co-

delivery of a source of transposase consistently resulted in a 5 to10-fold higher level of

transposition in each group tested, suggesting that the ability of SB transposase to

function is not limited by the replicative state of the cell, but rather by the ability of the

plasmids carrying the transposase gene or the transposon, to enter the cell nucleus.  This

conclusion is supported by several other studies demonstrating that nuclear entry is rate-

limiting step for expression of plasmid-based delivery vectors incorporating genes placed

under the regulation of eukaryotic promoters[202, 203].  In this study we delivered DNA

to cells in vitro while placing them under artificial conditions to halt cellular division.

Nondividing cells in vivo, or even ex vivo, will present additional challenges to gene

delivery [191].

Hydrodynamic delivery of DNA preferentially delivers DNA, via the tail vein, to

the livers of mice [69, 203].  This delivery method has been used to deliver multiple

DNA based vectors [81] to test gene expression [72, 204], plasmid maintenance [179]

persistence [73, 205], and integration [130, 206], as well as testing human models of

disease [148, 149, 176, 207].  Using the SB transposon system, this method has

established its ability to mediate integration of transposons in the liver [122, 134, 148,

149, 176].  The liver is comprised primarily of nondividing cells, and is considered to be

an organ with a relatively slow cellular turnover rate of 6-12 months.  The effectiveness

of the SB transposon system in this tissue in itself is suggestive of SB’s ability to mediate

transposition in nondividing cells.  Still, there has not been a definitive study conducted
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to quantitatively demonstrate transposition events in cells that are not dividing.  There are

many challenges in designing such experiments, but the work presented here provides the

basis for more definitive experiments to address this question.

There are multiple methods of facilitating DNA uptake in target cells, from

chemical binding to complexing agents such as cationic polymers and lipids, and physical

methods such as electroporation [208], biolistic (gene gun) [209], hydrodynamic [69, 70],

and even ultrasound [210] techniques.  Each of these methods offers a unique way of

delivering DNA across the plasma membrane, but once that barrier has been crossed the

DNA must rely on other mechanisms to reach the nucleus.  It has been shown that

diffusion of the plasmid DNA is not a likely method of reaching the nucleus, as DNA

fragments larger than 2,000 bp are unable to diffuse in the cytoplasm [211].  There is

growing evidence that plasmid DNA is likely to utilize microtubules for facilitated

transport to the nucleus.  This facilitated transport has been demonstrated in HeLa cells,

establishing that the delivery of DNA to the nucleus was unaffected by cell cycle status

[194].  This suggests that is may be possible to identify sequences that increase nuclear

localization efficiency for nonviral delivery of plasmid DNA [212, 213].

Delivery of the plasmid DNA to the nucleus is definitely a rate-limiting step for

gene transfer.  With the estimated average half-life of naked plasmid DNA in the

cytoplasm being 3 hours, less than 0.4% of DNA entering the cell would remain after 24

hours [82, 83, 214].  It is reasonable to expect that delivery methods for nonviral gene

therapy will continue to improve, increasing the amount of DNA that reaches its cellular

target. This work is focused on better understanding SB’s ability to function in

nondividing cells, advancing the gene delivery pathway on the inside of the plasma
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membrane.  The liver has been a common target organ and several groups have

successfully used the SB transposon system to establish long-term transgene expression.

Hepatectomies have been used by groups such as Mikkelsen et al. [123] to induce the

outgrowth of transposed cells, allowing flanking sequences from inserted transposons to

be sequenced.  These cells had to undergo division before transposition was confirmed,

however, previous work in our lab has showed that transposition occurred within the

liver, without stimulation of hepatocytes to divide [130].  SB transposase-dependant

long-term expression targeted to the liver has also been shown using alpha-L-iduronidase

[154], factor VIII [148], and fumaryl-acetoacetate hydrolase [122].  Our work here has

offered some additional support for this theory, establishing that although transfection

efficiencies fell under the conditions the cells were placed under to halt cell division, the

inclusion of transposase resulted in a significant increase in drug resistant colony

formation each time it was included.
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Future Directions

To visualize transposition events in a nondividing cell, it is necessary to develop a

method of analyzing such events on a cell-to-cell basis.  It is not convincing to simply

state that transposition likely occurred during a time when the cell was not dividing,

especially when using an assay that relies on cell division for the identification of

transposition events.  This means that we must be able to identify expression in a single

cell from a single transposition event, and we must be able to differentiate it from cells

expressing episomal plasmids or nonhomologous integrants.  It is also necessary to

determine whether each cell had undergone even a single round of division.  This should

be possible using the Floxed T2F transposon system described in Chapter 2.  Utilizing

this uniquely engineered transposon, it is possible to silence expression from transposon-

carrying plasmids where the transposon has not been excised and inserted into a

chromosomal location.  In the presence of Cre recombinase, the left-hand IRDR and the

promoter are excised from the plasmid, rendering the construct silent.  Upon

transposition, only one of the LoxP sites is carried with the transposon, segregating it

from the other LoxP site, which remains on the plasmid backbone rendering the

transposed sequence resistant to Cre-mediated silencing [215-217].  This strategy was

designed to create a window of time during which transposition must have occurred,

allowing the release of the cells from their replicative block, and the formation of drug-

resistant colonies.  Although this would give support to actual transposition in

nondividing cells, it is still not possible to be sure that transposition didn’t occur from

some floxed transposon that escaped silencing, after the division block was released.



105

A more definitive approach would be to utilize a short half-life GFP (green fluorescent

protein) and a cell line that can be transfected in a nondividing state to determine if

transposition is occurring in nondividing cells.  In the presence of BrdU, transfect two

groups of cells with a floxed short half-life GFP transposon, including a source of

transposase in a cotransfecting plasmid.  Within 24-48 hours, induce Cre expression in

both groups.  This could be accomplished by generating a cell line that inducibly

expresses cre, or by using a lentiviral vector that transduces Cre recombinase.  In the later

case it would be best to use a self-deleting version of the construct to prevent over

expression of Cre resulting in apoptosis[218].  GFP expression should all but disappear in

the group that didn’t receive any transposase, and any cells that remain GFP+ in the

group co-transfected with transposase must have transposed elements integrated within

their chromosomal DNA.  These cells can then be analyzed for the absence of BrdU to

confirm they have not undergone cell division.  Counting these events visually is one

option, but it would also be possible to design a sorting protocol to gate for the presence

of GFP and the absence of BrdU.

Cells that have undergone even a single round of replication will have BrdU

incorporated within their chromosomal DNA, therefore, any cell that is positive for BrdU

has divided.  It would still be useful to know the number GFP positive and BrdU positive

cells in any given population as it will represent the efficiency of the SB transposon

system to mediate transposition in dividing cell population, minus any background for

untransposed transposons to escape Cre-mediated silencing.  This background can be

calculated by the identifying number of GFP+ cells remaining after Cre administration /

induction in a group not receiving a source of SB transposase.  Cells that remain GFP+
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after Cre administration, but do not stain positive for BrdU, must contain a successfully

transposed element within their chromosomal DNA.  It would then be possible to sort

these cells for clonal expansion and subsequent sequencing of their insertion sites.  In this

way it would be possible to prove definitively that transposition occurs in nondividing

cells.
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Materials and Methods

Plasmids  (i) pT/Neo and pSB10 have been previously described [119] but briefly,

pT/Neo consists of a Rous sarcoma virus (RSV) promoter placed upstream of cDNA

encoding the antibiotic resistance gene, neomycin.  This sequence was cloned into the

pT/H plasmid backbone between the two SB IR/DRs.  pSB10 is a plasmid containing the

SB transposase gene regulated by the human cytomegalovirus immediate-early promoter

(CMV).

Mammalian cell culture and Transfection.  HeLa cells were routinely cultured in

DMEM supplemented with 10% fetal bovine serum, 2 mM glutamine, and antibiotics

(100 U/ml penicillin, 100 Ag/ml streptomycin, 0.25 Ag/ml Fungizone). Transfections

were carried out in 6-cm plates using the Lipofectamine Plus (Invitrogen Corp.).  Briefly

1 µl Lipofectamine was incubated in serum (FBS) free DMEM and mixed with 2 µg

plasmid DNA incubated in DMEM containing 20 µl Plus reagent.  After a 15 min

incubation, this mixture was added to the 6-cm plate and incubated for 3 hours at 37o C

and 5% CO2.  After three hours, 1 ml of 20% FBS in DMEM was added to plates, unless

they were being serum starved. Two days later the cells were harvested by trypsinization,

counted and subcultured in the following manner:  66% placed in DMEM containing

10% FBS and 0.7 mg/ml G418, 11% placed in DMEM containing 10% FBS and 0.7

mg/ml G418, 16% placed in DMEM containing 10% FBS, and 5% placed in DMEM

containing 10% FBS.  Methods of Halting Cell Division: HeLa cells were either placed in

DMEM media containing 0.0% FBS 48 hours prior to transfection, or aphidicolin was

added to a concentration of 5.0 µM three hours prior to transfection.
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Cell Viability Assay. Cell viability assays were conducted using the CellTiter 96 AQueous

Non-Radioactive Cell Proliferation Assay (Promega) as per the manufacturer’s

instructions. Briefly, 1500 cells/well were placded into flat-bottom 96-well plates

(Corning). Combinations of MTX, nucleosides, and FBS removal were used and a final

volume of 100 µl was maintained. Cells were then maintained for 4 – 5 days at 37° in a

humidified atmosphere with 5% CO2.  For each time-point recorded, 20 µl of a

tetrazolium indicator solution containing 3-(4,5- dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4- sulfophenyl)-2H-tetrazolium (MTS) and phenazine

methosulfate (PMS), was added to each well and incubated with the cells for 2 hr.

Absorbance at 492 nm was then determined using a Bio-Rad 2550 enzyme immunoassay

plate reader.  Each result is the mean value of three identically treated wells.
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Abstract

Recombinant erythropoietin (Epo) has been used to treat patients suffering from

anemia and many studies have been conducted to determine if clinical gene therapy could

someday replace the repeated administration of the pharmaceutically produced hormone.

Using the Sleeping Beauty transposon system, it may be possible to provide sustained,

long-term expression of Epo with a single dose of plasmids DNA carrying transposons

encoding the erythropoietin gene.  Regulation of Epo expression is a crucial factor as

over expression of Epo can lead to many serious problems including polyscythemia,

splenomegaly, hepatomegaly, hypertension, thrombosis, and even severe autoimmune

anemia. The hydrodynamic delivery technique allows rapid delivery of plasmid DNA to

the liver of mice. However, plasmid based vectors must carry all the regulatory

components to express their genetic cargo, resulting in a spike of Epo production

following delivery. Utilizing the hypoxic response elements (HREs) found upstream of

the endogenous human erythropoietin gene, transposon vectors will be created that will

express erythropoietin only under hypoxic conditions, similar to those observed in

patients suffering from chronic renal failure.  Using a mouse model for renal failure, we

plan to show that the Sleeping Beauty transposon system can successfully integrate

hypoxic responsive erythropoietin transposons in the liver, expressing Epo only under

hypoxic conditions, thus stabilizing erythropoiesis.
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Introduction

Anemia is the most common blood disorder in the US and affects over 3.5 million

Americans.  There are over 400 types of anemia resulting from either blood loss, a failure

to produce red blood cells (RBCs), or a destruction of RBCs. Recombinant erythropoietin

(Epo) is being used in the long-term treatment of anemia associated with chronic renal

failure and cancer chemotherapies [219].  The FDA approved the use of human

recombinant Epo in 1989 and over $10 billion in sales were reported in 2005 alone.  The

development of a clinical gene therapy protocol capable of alleviating the need for

multiple Epo treatments would not only be greatly beneficial for the patient, but it would

represent a long-term cure and reduce the amount of resources used to treat affected

individuals.

Erythropoietin is a cytokine whose major role is to stimulate RBC production and

maintain a normal level of erythropoiesis.  The primary locations of Epo production are

in the fetal liver and the adult kidney [220, 221] and although this switch is believed to be

regulated by the thyroid gland [222], expression of the Epo gene itself is regulated by

oxygen-sensing, hypoxia-inducible, factor dependent mechanisms [223, 224].  Under

conditions of anemic stress the adult liver has also been shown to induce Epo production

to aid in recovery [225].  Small levels of Epo expression have also been found in many

other cell types and tissues including neurons [226], male and female reproductive organs

[227, 228], mammary glands [229], astrocytes [230], bone marrow macrophages [231]

and erythroid progenitors [232]. Recent studies have demonstrated additional potential

functions of Epo expression in contributing to angiogenesis, response to wound healing,

and even enhancing the body’s own innate response to injury in the brain and heart.  The



112

expression of the specific cell receptor for Epo (EpoR) in non-erythroid tissue like the

heart [233], brain [185], kidney [234], retina [235] and smooth muscle cells [236] can be

correlated with novel functions of Epo expression including modulation of organ function

as well as cellular responses to diverse types of injuries.

During chronic renal failure, patients develop anemia due to the kidneys inability

to produce erythropoietin.  Treatment typically involves intravenous or subcutaneous

injections of recombinant Epo (rEpo), 2 to 4 times a week to restore hematocrit and blood

hemoglobin levels [237].  The success of this treatment for correction of anemia induced

by chronic renal failure has led to a great deal of clinical experience dealing with

recombinant human erythropoietin to maintain normal levels of erythropoiesis [238, 239].

One problem that has been observed occasionally is the development of anti-Epo

antibodies that cross-react with endogenous Epo resulting in pure red cell aplasia [240].

Treatment for such cases involves the use of immunosuppressive therapy,

immunoglobulins, or renal transpantation [241].  Therefore, any gene therapy would have

to be tightly regulated to avoid immune activation due to over expression.  This would

also be one way to remove any concerns about impure preparations of rEpo leading to

such problems as well.

Multiple studies have been performed to achieve long-term expression of Epo in

patients suffering from renal failure.  Ex-vivo methods have been used to treat mouse

models of renal failure using transduced, encapsulated myoblasts or harvested dermal

cores [242, 243] as well as mesothelial cells transduced using adenoviruses [244].

Anemia observed in beta-thalassemia mice was improved after transduction using AAV

vectors [245].
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AAV [245, 246] and recently even lentiviral vectors have been used to target muscle

tissues in uremic rats [247].  Nonviral methods have also been tested using naked DNA

and electroporation as well as injection of DNA complexes to treat similar animal models

of anemia [181, 248-251].  In many of these studies, erythropoietin levels were

determined and hematocrit (HCT) levels were monitored to evaluate gene transfer

efficiency and efficacy of treatment.  One potential complication that continually arises is

over expression of Epo resulting in an excessive elevation in red cells sometimes

resulting in polyscythemia and even death.  Transgenic animals that constitutively

express Epo have been generated and analyzed for the effects of Epo over expression and

results have varied from severe degenerative processes in the liver, kidney, neurons, and

skeletal muscle, to death and subsequent failure to establish the transgenic line [252,

253].  Modulation of Epo expression to prevent these types of problems has also been

examined using both viral and nonviral delivery techniques.  Methods of regulation have

varied from the use of chemical inducers like doxycycline (Dox) [254, 255], promoter

modification for tissue specific expression [256], hypoxic response elements (HREs)

[257], and dose delivery modification [258].

To circumvent the problem of Epo over expression, we have engineered

transposons carrying HRE regulated murine erythropoietin genes (mEpo).  These

transposons will be delivered, along with a source of Sleeping Beauty transposase,

primarily to the livers of mice, using a high-volume rapid injection technique [69, 70].

The Sleeping Beauty transposon (SB) system operates via a cut-and-paste method [119],

binding to the IR/DR sequences flanking the transposon, excising it from its carrier

plasmid backbone and inserting it at an TA dinuclotide sequence within the chromosomal
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DNA.  SB transposons delivered in this way have been shown to stably integrate in

hepatocytes and mediate long-term transgene expression [122, 123, 130, 148, 149, 154].

Placing the mEpo under hypoxic regulation by the HRE elements, we will examine its

ability to suppress mEpo over-expression as well as correct anemic conditions in a mouse

model for renal failure.
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Materials and Methods

Plasmid Construction

The 73 bp HRE element was created by synthesizing both the sense (5’-AAGCT

TGCTAGCGTCGTGCAGGACGTGACATCTAGTGTCGTCAGGACGTGACATCTA

GTGTCGTGCAGGACGTGACATCGAGCTC-3’) and anti-sense (5’-CGATGTCACGT

CCTGCACGACACTCGATGTCACGTCCTGGACGACACTAGATGTCACGTCCTG

CACGACGCTAGCA-3’) strands and then annealing these two fragments for subsequent

cloning.  To facilitate this process, overhangs were generated to create a HindIII site at

the 5’ end and a SacI site at the 3’ end.  A minimal SV40 promoter was cloned from the

pSeap2-Control plasmid, which contains the full length SV40 promoter, using the

following primers: Sense (5’-CGAGCTCCTAGCCCGGGCTCGAGATCTGC

GATCTG-3’) and anti-sense (5’-CGAATTCCAGCGGCCGAGGCGGCCTCGGC-3’)

creating a 172 bp fragment with a 5’ SacI site and a 3’ EcoRI site.  Plasmid pT2/HRE-

SV40 was created by ligating the 85 bp HindIII-HRE-SacI fragment and the 172 bp SacI-

SV40min-EcoRI fragment into pT2/HB between HindIII and EcoRI.
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Results and Future Work

Upon assembly of the pT2/HRE-SV40 plasmid (Figure 1), the sequence between

the transposon IR/DRs was verified through sequencing with the following primers:

sense (5’-CTGTGCCTTTAAACAGCTTGG-3’) and anti-sense

(5’TAGATCTGGCCATCT AGAGCG-3’).  A three base-pair deletion was discovered in

the 3’ end of the SV40min promoter  within the sequence of the anti-sense primer used to

generate the SV40min fragment.  It is believed that the mutation was introduced through

an error in synthesis of the nucleotides used for amplification, but it is unknown at this

time whether the deletion will have any effect on expression.

The primary challenge in delivering Epo expressing plasmids by hydrodynamic

injection is the large initial burst of unregulated Epo expression.  Epo levels in plasma of

mice, 24 hours after injection, reached between 1000x (1 µg pT2/Cage) and 100,000x (25

µg pT2/Cage) their normal levels (Chapter 2).  Overexpression of Epo in these mice lead

to increases in hematocrit levels greater than 0.8 and eventual death [130].  There has

been a great deal of work done describing the damage that can be caused by

polycythemia, also known as erythrocytosis, and it is abundantly clear that unregulated

delivery of plasmids engineered for constitutive expression of EPO represents a serious

health risk for such a DNA based gene therapy.  What follows is an outline of

experiments that will continue the above work, in designing and testing a promoter that

will allow the host to regulate expression of the Epo transgene when delivered to the

liver, resulting in stabilization of erythropoiesis in a mouse model for renal failure.
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Figure 1  Creation of the HRE-SV40min promoter
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Figure 1 (A) For the creation of the HRESV40min promoter, the 73 bp hypoxic response

element was placed upstream of the 168 bp SV40 minimal promoter.  This fusion

promoter was then placed in the multiple cloning site of the pT2H transposon backbone,

between the IR/DR sequences.  (B) Sequencing of this region revealed a 3 bp deletion

within the 3’ end of the SV40min promoter.  The red stars represend a missing guanine

and the black star represents a missing cytocine.  The interior portion of the IR/DRs are

labeled black, the HRE element is red with the HRE binding sites in bold and the SV40

minimal promoter is in orange with the TATA sequence boxed.
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Testing of the HRE-SV40min promoter in vitro

To establish the ability of HRE-SV40mins (HSVm) ability to regulate gene

expression, a luciferase reporter sequence will be placed downstream of this promoter in

the pT2/HRE-SV40 transposon plasmid, generating pT2/HSVLuc.  This plasmid can then

be tested in HeLa cells for expression of luciferase.  Induction of hypoxic condition will

be carried out in either of two ways; the use of a hyperbolic oxygen chamber, or through

chemical induction using 150 µM CoCl2 [259, 260].  Two primary questions need to be

answered in this initial experiment: What levels of luciferase are produced without

induction of hypoxic conditions? And how much of an increase in expression is observed

after induction?  If the promoter is working properly, there should be very low levels of

expression after initial transfection of pT2/HSVLuc, as well as at any time point

measured thereafter.  Upon addition of 150 µM CoCl2 to the medium, a significant

increase in luciferase expression should be detected within 24 hours.  If there is too much

initial expression without hypoxic conditions, or to little expression after hypoxic

induction, then the promoter is not suitable for delivery via hydrodynamic injection.

However, previous evidence by Boast et al supports the idea that this promoter will

respond to hypoxic conditions in vitro [261].  We also anticipate an amplification of this

effect by inserting multiple copies of the HRE element upstream of the minimal promoter

[257, 262].  Therefore, if this initial design does not provide regulated expression, it is

possible to modify the design to generate a promoter that is capable of doing so.
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Testing of the HRE-SV40min promoter in vivo

Until recently, the primary method of mimicking renal failure in an animal model

was to perform partial nephrectomies in rats.  In 1986, Yokozawa et al developed a novel

method of inducing kidney failure in rats using an adenine-excessive diet [263]. It wasn’t

until recently that the same strategy was employed in mice [258].  Described briefly, the

adenine content of the food is raised to 0.25% of the total food weight using adenine,

which can be obtained at any distributor such as Sigma-Aldrich.  Adenine

phosphoribosyltransferase converts adenine into adenine monophosphate which is

oxidized by xanthine dehydrogenase to generate 2,8-dihydroxyadenine (DHA) [264]

which then precipitates in the kidney, inducing kidney disease.  Hematocrit levels in

these mice drop approximately 5% every two weeks, reaching levels as low as 0.3 by two

months.  Treatment with erythropoietin corrects the anemia in these animals but does not

reduce the urea or creatinine levels [258].  In essence, there is no improvement in kidney

disease.  This is still an excellent model for the treatment of anemia induced by renal

failure.

To test the ability of pT2/HREmEpo to treat this animal model, four groups of

mice will be needed.  Group one will consist of mice that are not placed on the enriched

adenine rich diet and are injected with pT2/HREmEpo plus a source of transposase.

Group two will consist of mice that are paced on the adenine supplemented diet and are

injected with pT2/HREmEpo without a source of SB transposase.  Group three will

consist of mice that are placed on the adenine supplemented diet and are injected with

pT2/HREmEpo plus a source of transposase, and group four will consist of mice placed

on the enriched adenine diet with subsequent injection of a luciferase control plasmid.
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Monitoring mEpo levels and HCT in group one will demonstrate the ability of the HRE

element to suppress expression when the animal is not under hypoxic stress.  Group two

and three will demonstrate SB’s ability to mediate integration of the pT2/HREmEpo

transposons, resulting in their maintenance and the accompanying normalization of HCT

levels in the mice.  Monitoring mEpo levels and HCT levels in group four (the luciferase

control) will establish the clinical benefit of the treatment observed in group three.  A

potential “fifth” group would be to place group one on the adenine supplemented diet at a

later time-point.  The hepatocytes containing integrated Epo transposons should be

resistant to the adenine-induced disease.  Upon loss of the kidney’s ability to produce

enough Epo to maintain HCT levels, the transfected hepatocytes would begin producing

Epo, normalizing HCT levels.  This would represent a unique approach for gene delivery

as it is not testing for long-term expression, but rather long-term maintenance of the

transgene sequences with the ability to express at a later time-point.
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Potential Modification of Project for Further Study

Erythropoeitin has proven to be a very useful transgene to track expression in

treated animals as it allows for a very wide range of expression, from 300,000 mIU

Epo/ml down to a background of approximately 3-5 mIU Epo/ml [130].  Using a

standardized ELISA, these levels can be tracked in the plasma prepared from blood

samples drawn from mice, or from any other animal for that matter, allowing a single

animal to be tracked for gene expression over time.  This not only decreases the number

of animals needed for such experiments, but it also represents a very accurate way to

measure free-circulating trangene product.  The primary difficulty in tracking these

animals long-term is that high levels of Epo are very harmful to the mice, and eventually

resulted in death from erythrocytosis.  Generation of a biologically inactive form of Epo

would circumvent this problem.

Murine Epo is 165 amino acids long [265] and shares 80% homology with the

human Epo (hEpo) sequence [266].  Based on active site identification in the hEpo amino

acid sequence, there are 17 amino acid substitutions that will reduce the activity of hEpo

to < 2% [267].  It is very likely that a number of these single substitutions will nearly

eliminate the biological activity of mEpo while still allowing for proper folding, export

from the cell, and immunoreactivity in the standardized ELISA.  This reporter would be

unable to bind and activate the Epo receptor (EpoR) and would still be unlikely to induce

an immune response, making it an extremely useful transgene for measuring gene

transfer and tracking expression levels over time.  An abstract presented at the American

Society of Gene Therapy (ASGT) conference in 2007 presented data on a modified Epo
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reporter system developed for tracking expression in dogs [268].  This work was initiated

from the ideas established in this report.

An additional question which could be answered with such a system, is what are

some of the non-hematopoietic effects of Epo?  In 1992, Epo expression was detected in

the brain and was shown to be increased under hypoxic conditions [269].  Since then,

several studies have revealed a potential role of Epo in regulating processes other than

haematopoeisis, such as preventing damage to the heart, nervous system, and other

tissues following injury [270].  Some of the pioneering work was accomplished by Leist

et al, who creating several variants of the human Epo protein.  They discovered that

several of these variants were unable to bind to the EpoR and yet they retained their

cytoprotective effects in vitro and showed neuroprotection against stroke, diabetic

neuropathy and spinal cord compression [271].  There is still a great deal to be learned

about erythropoietin and its potential capabilities for tissue protection, and the Sleeping

Beauty model for the treatment of anemia discussed above could easily be tailored by

using modified Epo genes and additional mouse models for neurodegenerative traumas or

other diseases.
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Chapter 5

Conclusions
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This work has focused on achieving a better understanding of the Sleeping Beauty

transposon system’s potential for use in clinical gene therapies.  The SB transposon

system provides a nonviral gene transfer method to achieve chromosomal integration of

therapeutic sequences.  Nonviral gene transfer vectors for gene therapy offer many

advantages compared to virus-based systems in that they are less immunogenic, easier to

genetically manipulate, and they are more suitable to pharmaceutical formulation.  The

largest shortcoming of non-viral vectors is the inability to transduce cells at levels

comparable to virus-based delivery systems.  Gene transfer, in the context of gene

therapy, can be broken down into several distinct phases, each of which has its own

individual challenges:  (i) Delivery:  The first phase is to deliver the vector to the outer

membrane of the target tissue and, once there, across the cell membrane into the

cytoplasm.  (ii) Nuclear Entry:  Once in the cytoplasm of the cell, the vector must find its

way into the nucleus of the cell.  (iii) Integration:  This step is necessary to ensure

transgene persistence and transmittance to daughter cells.  Some vectors are not designed

to integrate, bypassing this phase.  (iv) Expression:  Expression of the therapeutic

transgene at sufficient levels to alleviate disease symptoms without disrupting other

cellular pathways.

Delivery:  The Sleeping Beauty transposon system is currently DNA based for both

transposon and transposase sources, with the exception of some proof-of-principle

experiments showing that the SB source can also be delivered as an mRNA transcript

[177].  The primary method of in vivo delivery in these chapters was via rapid, high

volume tail-vein injection in mice [69, 70].  This technique has been adapted for potential



126

clinical use and is currently being tested in large animal models.  The targeting of muscle

tissue using the hydrodynamic limb vein (HLV) technique is also being developed for

phase I clinical safety studies using naked DNA [81].  The development of an efficient

nonviral delivery technique is one of the first hurdles that must be crossed before SB can

be tested in the clinical setting.  Until then, the delivery methods used in this thesis will

continue to allow plasmid vectors, designed for gene therapy, to be readily tested in mice.

Nuclear Entry:  In my opinion, this is the single greatest barrier that the SB transposon

system faces.  The SB transposase itself includes a nuclear localization signal that directs

both the transposon encoding plasmid as well as the transposase to the nucleus [117, 212,

272].  This signal is likely a critical feature in SB’s ability to function in nondividing cell

populations, because without it the transposase bearing plasmid would have little chance

of gaining access to the nucleus [187, 273].  Plasmid DNA has been shown to interact

with the microtubule network as well as with dynein motor protein [194] but the

mechanism by which the DNA attaches to dynein is still unknown.  Further

understanding of this interaction may allow the modification of plasmid DNA to better

utilize this intracellular trafficking pathway, thereby increasing the number of plasmids

reaching the nucleus.  The cytoplasm itself is a dangerous place for a plasmid, as the

average half-life of naked plasmid DNA is about 3 hours [83].  This represents an

additional hurdle for two-plasmid systems because at a minimum, one plasmid encoding

transposase and one plasmid carrying a transposon must escape degradation in the

cytoplasm and enter the nucleus.  It is reasonable to predict that the cis-constructs that

contain both components of SB on a single plasmid would have an advantage in this area.
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Further work identifying cofactors such as NLS-containing proteins or novel polymer

complexes is needed to enhance nuclear import in vivo.

Integration:  The capability of the SB transposon system to mediate integration of

transgenes, using in vivo or ex vivo conditions, is the one feature that gave nonviral gene

transfer the extra boost that it needed in order to begin to compete with virus-based

vector systems.  The work outlined in chapter 2 demonstrates that SB is not only capable

of mediating transposition in the liver, but that by one week a majority of the expression

is indeed coming from integrated transposons [130].  The floxed transposon and

accompanying Cre recombinase silencing system offers an elegant tool for studying

individual transposition events on a cell-to-cell basis.  This same system can be modified

to test the in vivo efficiencies of other nonviral integrating systems as well, such as

phiC31 integrase, the piggyBac transposon, or the Frog Prince transposon systems [155,

274, 275].  With a responsive Cre recombinase induction system it should also be

possible to obtain a time-line of transposition post-delivery.  This information would be

very useful for designing in vivo treatments where the SB transposase is supplied through

either an mRNA or protein source.  Currently it has not been possible to isolate an active

form of SB, but if accomplished, it may be possible to design SB/transposon complexes

that could be delivered as an active integration molecule.  This would remove the danger

of SB cDNA insertion as well as optimize the transposase to transposon ratio, as four SB

subunits would already be bound to the DR elements.

I also presented data to support the hypothesis that SB mediates transposition in

nondividing cells. Much of the data presented in chapter 2 is from work done in the liver,
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a primarily quiescent organ with only about one in every 20,000 hepatocytes undergoing

mitosis [156].  SB’s ability to mediate transposition in vivo is becoming more accepted as

researchers and reviewers no longer deem it necessary to isolate and sequence flanking

sequences from integrated transposons.  SB appears to integrate in a fairly random

fashion into chromosomal TA dinucleotide locations, although there is evidence for

integration into areas of DNA that are actively expressed or are AT rich and therefore

more bendable [143, 144].  When several children being treated for X-linked severe

combined immunodeficiency disease developed leukemia, it brought the risk of

insertional mutagenesis to the forefront [17].  The ability of any integrating vector to

modify the expression pattern of nearby genes needs to be evaluated on a vector-by-

vector basis.  Recently it has been shown that the IR/DR sequences of the SB transposon,

as well as some of the internal flanking sequences, contain elements capable of

transcriptional activity [276].  Although this appears to be true in vitro, there have not

been any reported cases of insertional mutagenesis reported from the use of therapeutic

transposon vectors.  The most significant aspect of the IR/DR elements having

transcriptional activity is that they may create antisense transcripts, essentially knocking

down their own transgene expression. Because the right IR/DR seems to be stronger than

the left, the direction of the transgene within any transposon may be worth examining.

Still, Walisko and coworkers have designed insulators based on the HS4 sequence from

the chicken β-globin locus that can act like a barrier to chromosomal position effect.

When these 250 bp elements were positioned so as to flank a Neo transgene within a

transposon, this reduced luciferase transactivation between 7 and 51-fold, but also

reduced the transposition efficiency by 2-fold.  These results demonstrate that it is
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possible to insulate the IR/DR elements from enhancing expression near insertion sites,

but it does not completely remove it.  There is also a reduction in transposition efficiency

which may be due to steric interference between the CTCF protein, a transcription

regulation zinc-finger protein which binds in the HS4 sequence, and the ability for the

transposase to bind [146].  This demonstrates our ability to modify the insertion profile of

a nonviral vector, increasing its safety through molecular engineering.

Expression: Once stably integrated, there are still numerous events that can attenuate or

eliminate transgene expression.  One of the most formidable barriers to effective gene

therapy is the immune response.  When a vector is delivered, there can be an immune

response to anything from the cDNA encoding the gene, the DNA backbone/plasmid

[277], the transgene product itself [278], or any additional material added to traffic the

vector whether viral or nonviral in nature [279].  These immune responses can be as

subtle as reducing transgene expression and the clearance of transduced cells [280], to

extreme cases like Jesse Gelsinger’s tragic death [91].  One of the major advantages that

nonviral vectors have over their viral counterparts is that they are much less

immunogenic.  They are free of proteins associated with viruses that are more easily

identified by the host immune system.  Still, expression of a foreign protein in a host will

typically elicit an immune response unless some immunosuppressive regimen is utilized.

This presents a unique challenge in that many genetic diseases are associated with the

absence of a protein that has been missing since birth.

Gene expression using the SB transposon system has been associated with

immune responses, but up to this point the source of immune recognition appears to be
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the transgene product and not the transposase itself [154].  There are three primary ways

to circumvent this problem for mouse models of human disease.  The first is to tolerize

the mice at birth by injecting them with a small amount of the protein before the immune

system has matured [148].  The second is to use a mouse that is immunodeficient, such as

the NOD/SCID strain.  The final way is to use immunosuppressive drugs such as

cyclophosphamide [281] during the treatment to prevent an immune response.  These

methods have allowed sustained transgene expression in animal models to test for

alleviation of disease symptoms, although some of these methods are not amenable to use

in human gene therapies.

Other mechanisms of silencing can be directed at the DNA sequence itself.

Promoter shutdown, as seen with the CMV promoter in the liver [130], may be caused by

recognition of viral DNA sequences, initiating silencing through CpG methylation.  This

is also seen with the SB transposons as they can be targeted for methylation associated

with chromatin condensation and subsequent silencing [282].  Many features of the

integration patterns and expression profiles of transgenes delivered by the SB transposon

system remain to be elucidated in models of human disease in the accrual of long-term

experimental outcomes, supporting safety and efficacy for human application.

Future Prospects of Sleeping Beauty for Use in Human Gene Therapy

Although over-expression of a therapeutic transgene may seem like a good

problem to have, the reality of the erythropoietin experiments (Chapter 2) demonstrates

how important it is to understand a gene delivery system and its accompanying

expression profile. Over-expression can be addressed with the use of regulated
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promoters, such as the HRE element described in chapter 4, or by modulating the dose of

vector.  Although there are currently no data to support the immunogenicity of SB, it is

likely that if enough SB protein were produced, an immune response would be elicited,

but since the transposase expression is only needed transiently, this may only come into

effect if the transposase is readministered.  The transposase should likely be delivered in

some manner other than encoded cDNA on a plasmid backbone.  This just seems like a

reasonable level of safety, in much the same way that replication competent retroviruses

are avoided in viral gene therapy trials.  Still, there could conceivably be a circumstance

where delivery of the transposase on a DNA backbone would be an acceptable risk.

The concept of acceptable risk has faded from the public eye and for many people one

death is too many.  While this places a great emphasis on the value of life, it neglects the

value of lives to be saved.  This is very much an issue of ethics that is beyond the scope

of this thesis, but as a scientist whose goal it is to treat people by gene therapy, I realize

that nothing can be perfect, but a proper balance can be maintained.  The X-linked SCID

trials are an excellent example of weighing the risk versus the benefit of treatment.  There

were no effective alternative therapies available for these children, and although

insertional mutagenesis was identified as a risk, the continuation of treating X-SCID with

retroviral vectors containing the gamma-chain transgene was approved by the Biological

Response Modifiers Advisory Committee who voted unanimously to allow the trial to

continue, demonstrating that the potential benefit to the children outweighed the risk of

insertional mutagenesis.

My work with the SB transposon system has contributed to the understanding of

its potential utility for human gene therapy.  It is likely able to mediate transposition in
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nondividing cells, a critical target for gene therapy.  I also demonstrated that expression

from integrated transposons can be distinguished from that of episomal or randomly

recombined sequences. This allows future experiments to be designed for examination of

transgene expression resulting from integration mediated by any SB variant as well as

many other nonviral integrating systems.  I believe that this work has contributed to the

work that will follow in developing the Sleeping Beauty transposon system for human

gene therapy.
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