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ABSTRACT

Non-viral gene delivery is plagued by low transfection levels compared to vird
delivery. The nuclear envel ope presents a significant obstacle for non-vira vectors. A
peptide-based nuclear localizing sequence has been incorporated into non-viral vectorsto
traverse the nuclear envelope. Here, we selected a photo-chemical method for covalently
labeling the peptide onto plasmid DNA. The hypothesis of this work was to incorporate a
nuclear localizing sequence into anon-viral delivery vector, demonstrate increased
nuclear uptake and show a subsequent increase in transgene expression both in vitro and
invivo.

We focused on pursuing in vitro and in vivo methods by which to test non-viral
vectors for increases in gene expression based on the nuclear localizing sequence.
Hydrodynamic dosing and intramuscular dosing (followed by electroporation) are two
efficient delivery routes for dosing DNA in vivo. Through preliminary experiments, we
became confident that whole animal bioluminescent imaging was areliable and
guantitative method by which to detect luciferase expression by either delivery route.
Moving forward, both hydrodynamic and intramuscular dosing would be used to test
formulations for nuclear localizing ability in vivo.

Nuclear localizing peptides containing a photo-activatable functionality were
synthesized and characterized. We quantitatively explored the photo-labeling capabilities
on plasmid DNA via a radioactive peptide. In vitro, tissue culture-based experiments
were carried out to show increased nuclear uptake by confocal microscopy aswell as
increased transgene expression. Throughout the literature, achieving an increasein
expression by incorporating a nuclear localizing sequence into a non-viral vector has
been elusive. The complexity of achieving this goal isincreased when considering anin

vivo system for improving gene transfer efficiency. Several strategies have been explored



to demonstrate an increase in reporter gene expression from this type of non-viral vector,

and the methods devel oped herein can be applied to other nuclear localizing vectors.
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ABSTRACT

Non-viral gene delivery is plagued by low transi@ctievels compared to viral
delivery. The nuclear envelope presents a sigmftiodstacle for non-viral vectors. A
peptide-based nuclear localizing sequence hasibeerporated into non-viral vectors to
traverse the nuclear envelope. Here, we selegumbi®-chemical method for covalently
labeling the peptide onto plasmid DNA. The hypothes this work was to incorporate a
nuclear localizing sequence into a non-viral deljeector, demonstrate increased
nuclear uptake and show a subsequent increasanisgene expression both in vitro and
in vivo.

We focused on pursuing in vitro and in vivo methbgisvhich to test non-viral
vectors for increases in gene expression baseldeonuclear localizing sequence.
Hydrodynamic dosing and intramuscular dosing (fefld by electroporation) are two
efficient delivery routes for dosing DNA in vivohifough preliminary experiments, we
became confident that whole animal bioluminesceratging was a reliable and
guantitative method by which to detect luciferaspression by either delivery route.
Moving forward, both hydrodynamic and intramusculasing would be used to test
formulations for nuclear localizing ability in vivo

Nuclear localizing peptides containing a photoaattible functionality were
synthesized and characterized. We quantitativghyoegd the photo-labeling capabilities
on plasmid DNA via a radioactive peptide. In vittigsue culture-based experiments
were carried out to show increased nuclear uptgl@bfocal microscopy as well as
increased transgene expression. Throughout tmatlire, achieving an increase in
expression by incorporating a nuclear localizingusace into a non-viral vector has
been elusive. The complexity of achieving this geahcreased when considering an in

vivo system for improving gene transfer efficien8gveral strategies have been explored



to demonstrate an increase in reporter gene expneisem this type of non-viral vector,

and the methods developed herein can be applietihés nuclear localizing vectors.
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CHAPTER 1
LITERATURE REVIEW

Abstract

Despite nearly two decades of research, the suategplication of systemically
delivered non-viral gene therapies to treat humseage is still limited by poor
transfection efficiency. The major barriers in teulation and in the cell that limit
transfection efficiency have been identified, amelfield is in a phase of design and
testing of more sophisticated carrier systemsatiatnpt to circumvent these barriers.
These studies are increasingly conducted in vivaguspid quantitative measures of
gene transfer efficiency as a guide. Although there been steady progress in
developing DNA nanoparticles that navigate theutation, enter the target cell, and
escape lysosomal targeting, the final goal of effidy traversing the nuclear membrane
remains the most significant challenge. The goalaias to develop elegant delivery

systems that work in concert to deliver DNA frore tieedle to the nucleus.

Introduction

The development of a safe and efficient non-vielgdelivery system remains as
a significant hurdle toward the application of gémerapy to treat human disease.
Although viral delivery systems are much more @t in the delivery of genetic
material, there are concerns regarding toxicitghtdosts of producing therapeutic doses,
immunogenicity and possible integration of virahgic material into the human
genomé. Chemically defined non-viral vectors can potdhtiavoid these drawbacks of
viral delivery and can be developed and manufadtorere similarly to traditional
pharmaceuticals. The recent discovery of RNA ieterice (RNAI) has expanded the
scope of gene therapy to include applications farcking down or otherwise modulating

gene expressiénProtein regulation by RNAs and antigen expresbp®NA vaccines



are two additional applications of gene therapy biwdd great promise if thaeliveryof

oligonucleotides to nucleus can be solved (Figui¢. 1

Systemically Dosed Intracellular Barriers
Gene Therapeutic — Endosomal escape
Finding the

Intracellular trafficking
Nuclear entry
Gene expression

Needle to the Nucleus

Extracellular Barriers
Serum proteins
Reticuloendothelial system
Extravasation
Tissue-specific localizatin
Cell binding and uptake

Figure 1-1Barriers to systemic gene deliveiiyhere are many physical and molecular
barriers that a gene therapeutic must overcomehiewe the goal of gene
expression following a systemic dose. Barriersedisth extracellularly and
intracellularly. The objective of the gene thergpynmunity is to design a
therapeutic that can take the least inhibited frati the needle to the
nucleus.

There are several barriers to be overcome forffiment systemic delivery of
DNA. In the circulation these include blood ceflspteins and enzymes that bind to DNA
or its carrier system. Binding to serum proteirslketo decreased stability, an increase in
particle size or charge and premature metabdliBtNA nanoparticles in circulation
encounter endothelial cells lining blood vesselacmphages, tight capillary beds and

the reticulo-endothelial system (RES). All of théseriers act collectively to prevent



non-viral vectors from reaching the targetsitépon exiting the vasculature through
fenestrae in the liver, lung and tumors, the DNAgparticles must bind and gain entry
into target cells. A targeting ligand may allow thextor to be internalized by receptor-
mediated endocytosis. These extracellular barpersent a challenge; however, research
from many groups has shown significant advanceystemic stability and tissue-
targeting specificity®. Navigating intracellular barriers is a more daf&eprocess

because the payload has to arrive at the nucleatuastionalbiomolecule.

The seemingly short distance from the cell surtadke nucleus is littered with
safe-guards designed to protect the cell from gorémvasion. Assuming that the
nanoparticle can be engineered to escape the lysgsbstill must uncoat, and release its
DNA cargo, prior to nuclear entryOnce in the cytosol, naked DNA will encounter a
different group of binding proteins and enzymesg #tgempt to block its diffusion and
cause its degradation. At the nuclear membrane) e encounters its most significant
barrier which is to cross the nuclear envelopeswiall and selective nuclear pores.
Without the aid of facilitated transport across tioelear membrane, a dwindling fraction
of the DNA arrives at the target. The following v of the literature will first discuss
challenges in research that inhibit effective naahgene delivery and will subsequently

focus specifically on nuclear targeting of non-/ggstems.

Overcoming Barriers to Non-viral Gene Delivery vy

Primary Targeting
Primary targeting is defined as the events thatiofrom the moment of injection
of DNA nanopatrticles into a venous blood supplyh® point that they gain access to the
target cell (Figure 1-2). Systemic delivery of annoral vector requires that the DNA
nanoparticles are stable in the blood and can a@&starget specific cells.
Most DNA nanoparticles are constructed by ionieiacttion of a polycationic

carrier molecule and DNAThis interaction is susceptible to dissociatibhigh ionic



strength, the concentration of which ranges fropreaximately 0.1-1 M depending on
the length of the polymer and the number of catiamine& Cationic DNA
nanoparticles are colloidal and are known to agageen the presence of sodium ions.
They also immediately bind electronegative protamithe blood such as serum

albumin'®,

Targeting
Ligand

Cell-Surface
Receptor

|

Systemic Circulation j

Figure 1-2 Primary targeting Targeting ligands are recognized by cell-surfaceptors
to mediate selective uptake of DNA nanoparticlésGipation is used to
block the binding and aggregation of DNA nanop&savith serum proteins
that otherwise results in a rapid increase in plargize in serum. DNA
nanoparticles can dissociate in normal saline,itepih the metabolism of
naked DNA in serum. PEGylation and cross-linkingehbeen used to
overcome these barriers resulting in the normalibtabution of DNA
nanoparticles in the systemic circulation.

Almost all in vivo applications of non-viral delimeof DNA nanoparticles

attempt to minimize the particle size to less tA88 nm in diameter to allow for



biodistribution and extravasation from the circatgtsystem'. Small DNA nanoparticles
can more readily undergo extravasation from thaéleaps and gain access to the
extracellular matrix and the target cells in theti lungs or tumors.

To achieve stabilized DNA nanoparticles that redissociation in physiological
concentrations of salt (0.15 M), high moleculargiricationic polymers such as PEI (25
kDa) or polylysine (25 kDa) have been uSetikewise, low molecular weight cationic
peptides can also be stabilized by incorporatingoas-linking strategy such as
glutaraldehyde or disulfide bond formation (Figar&)***> The disulfide bond
polymerization of small cationic peptides is partaely attractive in that it offers a built-
in mechanism for DNA to escape the polyplex aftéias entered the reducing
environment of the cell.

Premature dissociation of DNA nanoparticles inlited leads to rapid
metabolism of naked DNA in the serum and targefadke of anionic DNA to Kupffer
cells of the liver via the scavenger recefitdriver endothelial cells have also been
shown to efficiently take up and digest naked DA Aanoparticles that remain in tact
may suffer from poor biocompatibility. Stabilizedtonic DNA nanopatrticles attract and
bind serum albumin, resulting in a rapid increasparticle size and entrapment in the
capillary beds of the lurtd

The most common approach to overcoming this badlueing primary targeting
is to introduce polyethylene glycol (PEG) onto sheface of DNA nanoparticles, which
acts to "stealth" the surface charge (Figure'{-Zhe size and loading density of PEG on
DNA nanopatrticles influences the degree to whitduadin binding will be blocked and
unobstructed biodistribution restored. However,ittiduction of PEG onto the surface
of DNA nanoparticles simultaneously introduces otwmplications. There is a potential
occurrence of an immune reaction to PEGylated DidAoparticle¥. Also, PEG with an
average molecular weight of 5 kDa can mask thegmition of small receptor ligands

attached to the cationic DNA carrier or to DNA its8everal strategies have been used



to overcome this issue, but most often the usenalldigands such as monosaccharides
or folate necessitate the use of bi-functional RE&% allows incorporation of a ligand at
one end of the PEG polymer and acts to anchoiidhed to the non-viral vector via the
other end of PEG (Figure 1)

DNA nanoparticles can be targeted to a specifictgpgé by exploiting ligand
interactions with receptors that are selectivelyrezsed on the cell surfaces. There are
several examples of ligand-receptor combinatioas thve been incorporated into
targeted gene delivery systéfi’s. One of the earliest and best-studied examples
involves targeting the asialoglycoprotein recepgGP-R) on hepatocytes using
galactose-containing ligarfd€> Formulations have been endowed with targeting
specificity for the ASGP-R by conjugation of a triannary N-glycan ligand to a PEG-
peptidé®?’. A similar effect can be gained by galactose-dairig PEGylated
nanoparticle¥. Advancements in primary targeting have been shiovimprove vector
uptake in parenchymal cells of the liver. Recepdogeting has been further verified by
galactose-inhibited gene expression mediated Isettargeting vecto?s

The over-expression of the transferrin receptothensurface of many cancer
cells has led to its frequent use to direct noatwectors to tumors. Aside from
exploiting this ligand-receptor interaction, tunmargeting is facilitated by increased
tumor vascularization and permeability of the fereeswhich allow extravasation and
retention of DNA nanoparticles in tuméts

The target organ is the primary factor in deterngrthe difficulty of systemic
delivery. Liver targeting is inherently easy sirtke liver is the largest internal organ and
is extensively vascularized. In the absence oftargeting ligand, PEGylated DNA
nanoparticles will target to liver and spleen. €ell the RES in both liver and spleen
actively survey the blood for foreign particles. @B-R is abundantly expressed on the
surface of hepatocytes, and high affinity targetiggnds on a non-viral vector can re-

direct a large percentage of the dose (alreadydniter) to bind rapidly and enter



hepatocyte¥. In contrast, an attempt to target DNA nanopaetitb a solid tumor that is
poorly perfusetf and has only a modest over-expression of targepter, results in a
competition between the natural biodistributiortite liver and spleen RES and the less
efficient process of receptor binding and interzetion in the tumor. For this reason, it
remains challenging to demonstrate that an apprecgercentage (>10%) of the DNA
nanoparticle dose can be targeted to organs dtherthe liver from the systemic
circulation. The exceptions to inherent liver sfietty are hypervascularized tumors that
promote uptake of nanoparticles for gene theraphlamg targetindf, which is often the

result of non-specific entrapment of large DNA jwdes in the vasculatute

Secondary Targeting

Following entry into the cell via receptor mediatgalocytosis, DNA
nanoparticles must escape targeting to the lysosomaéts mechanism of digestion
(Figure 1-3). There are two hypotheses by whicbraviral vector escapes the
endosome, and currently, both are being explorpéraxentally. The pH buffering
hypothesis is supported by ample in vitro evidengelving PEI or poly-histidine
peptides that improve transfection efficiency ivaiety of cell lines (Figure 1-3)
However, it is unlikely that PEI will have the samtality to mediate endosomal escape
in vivo following systemic delivery. It is diffictito achieve the same buffering capacity
in the target cell in vivo as suggested in the eggion results of IP dosed PEI-DNA
condensaté’

The other major approach to achieve endosomal esoaplves the use of
fusogenic peptides such as HAZGALA®, and melittii®. Peptides like melittin are
well-known to mediate membrane lysis (Figure ¥3$tructurally, the peptides promote
lysis via an amphipathig-helix that inserts into the membrane of the endesadviost in
vivo strategies of gene delivery with this typepeptide incorporate an anionic fusogen

that achieves an endosomal lytic conformation atg
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Figure 1-3.Secondary targetingrhe use of endosomal buffering agents or using
endosomal lytic peptides are two approaches toatedecondary targeting
of DNA into the cytosol. Upon receptor-mediated @ndosis, endosomal
osmotic disruption or lysis leads to DNA nanopaetidelivery to the cytosol.
The uncoating of DNA nanopatrticles to release nghtasmid DNA is
prerequisite prior to tertiary targeting.

Like endosomal buffering agents, the activity dffasogenic peptides are also

concentration dependent. Since most viruses meitieieown endosomal escape via

fusogenic activity, there is reason to believe thabrporation of a potent fusogen into a

non-viral gene delivery system could also achiewvdbosomal escape in vivo. However,

because most of the fusogenic peptides in this cladergo a pH-dependent

conformational change in the endosome, their mettfidaicorporation into the DNA

nanoparticle can dramatically influence their fumet Fusogenic peptides are often

difficult to synthesize and purify, which furthesroplicates their routine use. The



activity of these peptides may also need to bereil since the endosomal pH is known
to be cell-type dependent.

The final phase of secondary targeting involvesoating of the DNA
nanoparticle to release naked DNA (Figure 1-3).réhe still much debate about where
this occurs, but not much argument regarding tloessaty of the completion of this step
prior to DNA being rendered functional in the nwdeThe continued interaction
between cationic carrier and DNA or a newly fornn@draction between nucleosomes
and DNA are identified as evidence for the impartaaf the uncoating st&p™. Recent
studies have focused on developing chemical mestmnio allow PEGylated DNA
nanoparticles to shed their PE@0ther strategies include the design of polymétis w
multiple disulfide bonds that reduce intracellufartsulting in smaller polycations that
more readily dissociate from DNA It remains a significant challenge to design non-
viral DNA particles that package and release DNArdusecondary targeting as

efficiently as their viral counterparts.

Tertiary Targeting

Tertiary targeting involves the transport of DNAMm the cytosol to the nucleus
and is currently the most difficult part of systemon-viral gene delivery. DNA that
escapes the endosome has been shown to reaclhcteeswithout any targeting
mechanism if cells are actively dividing. Sincelealre generally quiescent during in
vivo gene transfer, much effort has been focusedemeloping a way to mediate nuclear
targeting to boost gene transfer efficiency (Figls#). It has also been shown that the
viscosity of the cytosol inhibits free diffusion DNA. Thereby, the migration of DNA in
the cytosol is believed to be supported by dyneg@thated transport along the
microtubule network of the céfl

A key consideration in nuclear targeting is chogsamuclear localizing sequence

(NLS)*. The sequence is most often peptide-based; how@k sequences that bind
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transcription factors have been shown to impaitéar nuclear-localizing effeét. The
NLS is incorporated to selectively traffic the nainal vector to the nucleus via the
nuclear pore complex (NPC). The NPC is a multimpratein spanning the nuclear
envelope. Molecular trafficking through the NPQlependent on molecular weight and
shape. A variety of studies have borrowed NLS plepsequences from endogenous
nuclear targeting proteins and incorporated theteDNA nanoparticles. NLS peptides
are typically lysine and arginine-rich. Severaattgies in bioconjugate chemistry have

been applied to incorporation of an NLS and willdiecussed in more detail below.

Nuclear Localizing Nuclear Envelope
Sequence l

-

<+— Nuclear
Pore Complex

Praotein Translation Transcription

Expression

Figure 1-4 Tertiary targeting Tertiary targeting of a non-viral vector resuftsm a
nuclear targeting strategy. Once in the cytodakmpid DNA is actively
transported across the nuclear pore complex. Imtloteus, plasmid DNA is
transcribed and translated with the endogenouslaelnachinery to express
the encoded protein.
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In Vivo Assays for Measuring Gene Transfer Efficen

As with in vitro gene transfer, the direct quarida of gene transfer efficiency in
VivO requires a sensitive assay to measure therggore of a gene product. The gene
therapy field has gained considerable experienexatuating in vivo gene transfer data
from a variety of secreted and non-secreted repgetiees as well as therapeutic gene
products. A therapeutic effect has been observadmouse model of prostate cancer.
Tumor vascularization and overall tumor growth wa&newn to decrease following the
dose of pDNA encoding siRNA for vascular endothejrawth factof’. Cationic lipids
carrying therapeutic genes have been analyzednicall trials for cystic fibrosis and
ovarian cancéf*® Regarding reporter genes, the consensus vidvaisuciferase

expression is still the most reliable and broadplEable indicator of gene transfer.

Bioluminescence Imaging

Bioluminescence imaging (BLI) has emerged as a poweethod to quantify
luciferase expression in vivd BLI uses a cooled charge-coupled device (CCD)eram
to detect photon emission from living animals tgpress luciferase, or otherwise
fluorescent species. Luciferase from the firePp@tinus pyraliy is a chemiluminescent
enzyme widely used as a reporter gene. The substlatiferin is oxidized in the
presence of ATP, Mg and Q to produce oxyluciferin. The energetically favdeab
reaction also produces a chemiluminescent resporike form of photon emission with
a broad peak at 560 nm. The observable maximumlemyth emission is closer to 610
nm from living animals because photons of lower @amngths are preferentially
absorbed in the tissue — particularly by hemoglatsid melanirt-

Luciferase is widely used in mammalian cells fongéransfer experiments since
it is nearly impossible to produce false-positigsults. The sensitivity of detection for
this imaging modality is a great advantage andrdmurtes to its popularity. As few as

300 cells expressing luciferase will produce aumuhescent signal that is detectable by
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a CCD camrer&. In vitro, this number drops to 30 cells to defthe limit of detection.
Detection and analysis methods allow for the seleaif a region of interest (ROI) in
which luciferase expression is observed. Lucifemgeession is quantifiable in terms of
photons normalized on the basis of ROI area antirtteeof image acquisition.
Compared to other methods of detecting in vivodgeme expression, BLI eliminates the
need for tissue harvesting. As a result, the sarmeads can be serially sampled over a
time course. The total number of animals usedesatty reduced and the precision of the

data is improved by BLI.

CCD
Light-Tight
Enclosure
LED
Lamp Sample
Stage

Figure 1-5Bioluminescent imagind-he Xenogen® system is engineered to facilitate the
detection of luciferase expression in living anisadlhe above diagram
depicts some of the relevant components of theumsnt.
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BLI can be used to monitor in vivo luciferase exgsien from any source: virtis
tumor®, or gene delivery vectdt For purposes of our investigations, this powerful
optical imaging modality was adapted to detectfarase expression from two
commonly targeted tissues for in vivo non-viral géransfer. Liver-specific expression
was achieved by hydrodynamic (HD) dosing. Liveg&ing via non-viral vectors is
common due to the organ’s aforementioned centtalinometabolisif. Skeletal muscle
is also a frequent target for muscle-related thiesd) DNA vaccined’, and secretable

therapeutic proteins.

Hydrodynamic Dosing
Hydrodynamic dosing is nhow a well-established tégha by which DNA is
delivered rapidly to mice via the tail vein in ahivolum&®® The result is the selective
expression of the transgene product in hepatocYytesprocedure involves a 5-sec tail
vein dose of DNA in a volume equal to 10% of theus®weight — a high-pressure and
high-volume dose. This overwhelming dose triggeasdient heart failure, a decreased
heart rate and an increase in the internal presduhe vena cava. The excess fluid

begins a retrograde flow that triggers observaitr kwelling*, enlargement of liver

Figure 1-6 Hydrodynamic dosingThe high-volume, rapid dose of plasmid DNA is
delivered via the tail vein and is capable of medghigh levels of transgene
expression in the liver. Above, we see a color-megrlay indicating
luciferase expression in the liver as detectedibljuiminescence imaging.
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fenestrae and generation of transient pores in liepatocyte¥ by which DNA can
extravasate from the hepatic circulation. Lessnevwkn about the intracellular mechanism
on DNA trafficking following HD dosing though on®table response is the formation of
massive endocytic vesicfésThis type of dose is surprisingly well-toleragsithe
irregularity of heart function, sharp increase @amgus pressure, enlargement of liver
fenestrae, and enhancement of membrane permeabitie hepatocytes are all transient
event§? There are many applications for this method essearch tool and potentially as
a therapeutic form of non-viral gene deliv&y

When coupled with HD dosing of luciferase-expresp®NA (pGL3), HD-BLI
provides a quantitative assay to be used as a beklo compare against other
methods of non-viral gene transferThe detection of luciferase in the liver followin
HD dosing of pGL3 is linear over 5 orders of magdé in a dose-dependent fashion.
Both Wolff and Liu and co-worket$® have independently determined thatjagsdose
of pGL3 delivered hydrodynamically produced a "#peutic” level of transgene product
at 24 hrs in the liver . Similarly, following hydilgnamic dosing of a ig DNA dose,
therapeutic levels of secreted factor VIl or IXre@roduced in hemophilic mite The
expression achieved following hydrodynamic dosihg &g dose is also a reasonable
efficiency benchmark toward achieving efficacy fransalculated scaled-up dose of 1-2
mg of DNA delivered to humans via a more convergi@nd pharmaceutically elegant
delivery method. Based on these considerationsdgtdction 24 hours following a HD
dose of 5ug of DNA encoding luciferase may serve as a benckstandard to which
many systemically delivered non-viral systems cdaddcompared. Similar in vivo
benchmarks based on luciferase expression and Bilaiso be developed to calibrate

the expression in other tissues such as musclg,dutumors.
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Intramuscular Dosing and Electroporation

Electroporation (EP) or elctropermeabilization if@sy be a more accurately
descriptive term since “pores” have never actuadign visualizety) is an effective
means to transfer DNA and other hydrophilic macri@tuales across the plasma
membrane. Like HD dosing, this is a safe and e&fficphysical method for delivering
pDNA. EP is typically used following intramuscul@®) dosing to increase expression,
but the delivery technique is also used in fi¥dung® and tumor tissués The most
notable use of EP is in clinical trials where thiees been much success in treating
malignant melanomas with plasmids encoding Inté&ited2’

The physical principle behind the mechanism oftetgoration is that an electric
field of sufficient intensity is applied to a tisswhich induces position-dependent change
in the resting membrane potenfalThis leads to membrane destabilization and tesmsi
permeabilization. The electric field also inducesvement of charged molecules like
DNA. This phenomenon drives extracellular DNA icttlls that lie within the electric
field. Parameters have been optimized for delivgfpNA by EP following an IM
dosé®,

siRNA-Mediated Knockdown In Vivo

RNA interference (RNAI) is an endogenous defensehaeism conserved
through most eukaryotic organisms including mamffialhe phenomenon involves 21-
23 nucleotide double-stranded RNA that combineh RiAi-associated enzymes to
target and degrade mRNA in a sequence-specific eraiihe discovery of siRNAand
other RNA-based mechanisms that modulate protgiresgion has significantly altered
the understanding of the central dogma to bioldgylonger can the linear progression
of transcriptior-translatior—protein expression be described in such a simpie.fti is
now well-understood that RNAs play an importanenol regulation at the post-

transcriptional level. Micro RNA (miRNA) operatem\an endogenous process that
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affords regulation of mMRNAs via site-specific bingiin the 3’-untranslated region. It is
thought that miRNAs prevent assembly of translatigumoteins, but the mechanism of
action is not yet completely known. Conversely, iiechanism of sSiRNA is more
completely understood (Figure 1-7). A 21-nucleotdguence is site-specifically bound
to mRNA through the RNA-induced silencing compl&t§C). In complex with RISC,
SiRNA has a permanent effect on mRNA by triggestrgnd cleavage by nuclease
activity of RISC®

Short-hairpin RNA (shRNA) is named based on thacstire of this single strand
of ~80 nucleotide bases that exhibits intramoledoéee-pairing. ShRNA is a predecessor
to the 21-nucleotide siRNA and this type of RNAIrgque in that it can be expressed in
a plasmid-based system. Further intracellular @siog is required to produce the
functional molecule form shRNA as Dicer (Figure)leleaves hairpin to yield siRNA.

Clinical applications for RNAi-based therapies ahdwVirtually any disease state
that is dependent on activity from 1 to a few geisescandidate for this type of therapy.
As in non-viral gene therapy and the delivery oN#D the major battle for clinical
success of RNAi-based therapeutics is achievingesstul delivery. Advances have
recently been made in this reg&rfl; however, attaining in vivo efficacy in the absenc
of a fully formulated dose for systemic deliveryncalow for key proof-of-principle
experiments to be conducted. HD dosing of RNAIi eectargeting luciferase has been

shown to enable the observation of in vivo knockddny BLI".

Nuclear Targeting

Background
As the previous discussion has detailed, non-geale therapy is generally
focused on overcoming barriers that inhibit cellatafficking of polyplexed pDNA (i.e.,

pDNA that is condensed or electrostatically boupad#tionic molecules to form sub-
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Figure 1-7. Molecular mechanism of siRNKnockdown of protein expression can be
triggered by introducing double-stranded RNA (21r28leotides in length).
Above is a general diagram of Dicer-mediated clgavaf dsRNA to yield
SsiRNA, RISC assembly and mRNA cleavage.

micron particles). Non-viral vectors are recogniasdoreign to the cell, so endogenous
defenses are in direct opposition to the goalsoofviral gene delivery. In contrast to a
non-viral vector, a virus has a tremendous abditgumvent these barriers and target
DNA to the nucleuS®° This phenomenon is well-documented, and desjtefisant
drawbacks as therapeutics, much research has tbonsaral vectors because of their
efficiency. The following sections will address kgmund and considerations regarding

potential non-viral nuclear targeting agents. Tiseussion is directed from the point at
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which cytoplasmic delivery is achieved, so as twawa the focus of this section to the
considerations involved in targeting non-viral \astto the nucleus. (Figure 1-4)

Nuclear targeting remains a formidable barriehia tace to optimize the
efficiency of non-viral vectors. The magnitude loistbarrier is has been quantified
through micro-injection studies. It was discovetieak less than 1% of gold-labeled
pDNA microinjected into the cytosol actually reastiee nucled8. This result suggests
the potential for a great increase in transgeneesspn (> 100-fold) if a non-viral vector
can maximize nuclear deliver of polyplexed pDNA fahtunately, current synthetic
methods applied toward nuclear targeting of a noal-vector have been largely
unsuccessful.

Two scientists in the field of non-viral nucleargating have verbalized their
thoughts on the challenges associated with thiks fadn Wolff, Professor of Pediatrics
and Medical Genetics at the University of Wiscorgiadison, gave an apt description to
this issue when he referred to nuclear targetingasgrand problem” facing the non-
viral gene therapy communffy The challenge is “grand” in its inherent diffigylthe
scale of effort directed in this area and the pietherapeutic advantages. “Grand” also
describes the steps toward therapeutic relevarecsignificant advancement is made in
the area of nuclear targeting.

David Jans, Director of the Nuclear Signaling Lattory, Monash University,
Australia, cites a lack of nuclear targeting cajigtas “the major limitation of non-viral
gene transfef®, Jans and others are conducting basic researcis flogused on defining
the endogenous mechanism of nuclear signalingairhef this research is to develop an
understanding of the nuclear transport pathway bgetlclear-targeted proteins and
subsequently apply this information to improvinginoral vectors. Nuclear signaling,
from a molecular biology perspective, provides anfiation upon which advances in

non-viral nuclear targeting can be built.
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Molecular Mechanism
Success of targeting a non-viral vector to the eusldepends directly on the
ability of the vector to take advantage of cellyjascesses. The aim is to hijack the
endogenous mechanism that traffics proteins tatiodeus. This involves introducing a
non-viral vector that is directly shuttled acrdss thuclear-envelope (NE) via the NPC, to

the nuceoplasmic space.

Figure 1-8.The nuclear face of the nuclear envelogkctron microscopy of the nuclear
side of the nuclear membrane displays the unifqupearance of NPCs on the
nuclear envelope. Figures below are of individuglds in varying
configurations. (Scale bar, 100 nm) (Re-printechvpiérmissions from
Elsevier)

The nucleus is physically defined by the NE whieparates the nucleoplasm and
genetic material from the cytoplasm in eukaryogttsc The outer membrane is
continuous with the rough endoplasmic reticulumahiplays a role in protein
biosynthesis. The NE is approximately 150 nm tlziok the two membranes are fused by

the envelope-spanning NPCs. Each NPC is comprisalout thirty proteins, or
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nucleoporins, that collectively allow for passivéfukion of ions and molecules less than
40 nm in diameter and active transport of macromdés that contain an NLS. NPCs are
prevalent on the nuclei of mammalian cells, ane giWdimpled appearance when
observed under a transmission electron microsdeigere 1-8).

Structurally, EM images of the NPC demonstrate ithaintains 8 membrane-
spanning spokes that have both cytoplasmic ancautilaments. Each NPC exhibits
symmetry in the plane of the NE, and despite diffiees in size, the overall NPC
structure is largely conserved from yeast to vedtss. The NE and NPC jointly function
to regulate cyto-nuclear translocation and prdieetgenetic material contained within
the nucleus.

NPCs allow passive diffusion of ions and small males. A recent publication
supports the widely held belief that a NPC can awoodate cargo as large as 40 nm in
diamete?”. Likewise, this study highlights the notion tha®@is are plastic, and their
conformation is dependent on movable nucleoporiasesult of the demands of the
nuclear import cardS. Larger macromolecules that contain a nucleatiring sequence
(NLS) of amino acids can pass through the NPC layelone proteins in an energy-
dependent manner. Lusk and co-workers have deérssd of rules for nuclear import.
Among them is the suggestion that proteins >25 &idhcontain an NLS that has a
strong affinity for NPC-related proteins, may treseethe NE°. Additionally, Jans
recognizes that macromolecules >40nm in diametgrime an NLS in order to undergo
cyto-nuclear transport, and 150 nm is the uppeit-ion cytonuclear translocatih
Each NPC can mediate as many as 1,000 translosai@rsecond. Key components to
this efficient trafficking are NLS-recognition psahs (Importine and Importing) that
create a functional interaction between NLS-comgicargo and the pore-lining
nucleoporins of the NPC.

In the classic pathway, NLS-containing proteinsrasognized and chaperoned to

the nucleus via cytosolic proteins. In the presasidbe classic NLS sequence, a series of
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negatively-charged residues on Imporiimteract with Lys and Arg residues. As a result
of this interaction with NLS, a conformational clgarof Importine. exposes the

Importinf binding (IBB) domain. As the name implies, the IB&main is recognized by
Importin, which subsequently binds to form the ternary cempNLS/Importin-
a/Importing) for nuclear transport. Importipis the component that is responsible for
directing translocation through the NPC.

The pore is lined with several nucleoporins thattam Phe-Gly repeats with side
chains projecting toward the lumen of the pore.dnip-p has transient affinity for these
FG regions which is hypothesized to be sufficienditect the ternary complex through
the NPC. The specific mechanism of transport adtes®NPC remains to be elucidated,
but there are a number of models that have beefoght In the “sequential binding” and
“gated-complex” models, cargo is first bound toopfasmic filaments and then to Phe-
Gly repeats that line the p8f&°. This draws Importirg in the nuclear direction. The
“molecular sieve” model predicts that the hydrophbobksidues in the channel are an
interconnected network that forms a size-exclusyat’ and restricts the passage of
molecules that are greater than 40hrfihe hypotheses put forth in these models do not
appear to be mutually exclusive, or necessarilyomflict, so the actual mechanism likely
combines the positive aspects identified in thespgsed systems.

The nuclear import machinery (Importnand Importing) is recycled after the
complex has traversed the nuclear envelope. RarBTR Imp$ and triggers
dissociation of the complex. There is some ovebkeipveen the IBB domain and the
RanGTP binding site, so the Importiff3 interaction is disrupted. RanGTP is a nuclear
localized form of Ran, and the RanGTP-triggeredatgtion effectively removes the
ternary import complex from the nucleus, so nuetisected flow of other ternary
complexes follows Le Chatelier's Principle of dynarmquilibrium. Nucleoporin-50, a
nuclear filament of NPC has been implicated inatissting Importine from the cargo.

RanGTP and CAS (cellular apoptosis susceptibilibtgin) subsequently bind Importin-
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Figure 1-9.Molecular mechanism of nuclear impofthe NPC enables cytonuclear
translocation. This is accomplished by shuttlinguoéessory proteins that
maintain the directionality of the flow of NLS-ca@ming cargo.
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a and shuttle it to the cytoplasm. The various phosgation states of Ran obviously
play an important role in the directionality ofglprocess. RanGTP is maintained in high
nuclear concentration by RanGEF (GDP-GTP exchaacfer); whereas, RanGDP is the
cytosolic form and RanGAP (GTPase activating prytdephosphorylates RanGTP to
trigger cytoplasmic dissociation from ImporfindFigure 1-9). The constant cycling of
importins maintains the players in the procesbatppropriate concentrations in their
functional locations.

Dozens of gene therapy groups have taken-on nuelegeting strategies by
attempting to incorporate a peptide-based NLS amtotherwise polyplexed DNA. Based
on the discussion of the molecular mechanism,apjgarent that this is an efficient and
relatively unsaturable process with an achievadie of 1,000 translocations per second
per NPC and thousands of NPCs per nditléi vitro experiments have displayed
varying degrees of success, but there have notdmgesignificant examples of NLS-
mediated increases in gene transfer efficiencyva.v hroughout the following
paragraphs, we will review and comment on the mgsvork in the literature that

specifically addresses increasing nuclear uptalaN.

Nuclear Localizing Sequences applied to Non-Viral
Vectors

.In the early 1980’s there was a significant reploat identified a particular amino
acid sequence of the simian virus 40 (SV40) largeiflgen as necessary and sufficient
to increase nuclear targeting of the antigefihis polycationic sequenc&P-K-K-K-R-
K-V1*3 is known as the classic NLS that is most widedgdiin non-viral systems. The
native sequence of targets the protein to the nscleut a point mutation, discovered by
mixed oligonucleotide mutagenesis, resultetfthys—Thr mutation and cytoplasmic
localization of the protein. In addition, deletiohany amino acids in thé*(K-K-K-R-

K**!) sequence results in a cytoplasmic antigen
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Variations and extensions of the classic sequergpravalent in endogenous
nuclear localizing proteins. The SV40 NLS has beszd in many forms, and still other
unrelated NLS sequences have been applied to maheelivery vectors. There is great
variability to the way in which these NLS peptiges incorporated into non-viral
systems — all with the goal of enabling nucleaalptand increasing transgene

expression.

Proteins, Histones and DNA Sequences in Nuclear

Targeting

In typical cell processing, whole proteins arefilngctional units that undergo
cytonuclear transport if they contain an NLS. Theme several examples of different
classes of nuclear localizing proteins that havenbecorporated into non-viral gene
delivery vectors. Viral proteins such as the mape protein VIl from adenovirus and
viral protein R of HIV-1 both contain cationic regis that bind DNA; however, both
have only shown utility in increasing the amounbD®&A associated with the nuclear
fraction rather than data supporting nuclear irdgkzation. Histones have an inherent
ability to bind and condense DNA, protect it fronnctease digestion and target the
nucleus, so they are attractive components toiaetglsystem. Most work has
concentrated on incorporating the H1 linker histdfamally, transcription factors also
have a DNA binding region and translocate to theleus. Much work has been done
with the yeast protein GAL4 including appending 8)40 NLS peptide via a poly-
lysine linker to achieve nuclear targeting.

Transcription factor binding is the basis for aitamstrategy in which the “NLS”
is introduced at the level of the DNA sequence. DN&A sequence of the SV40
enhancer (not to be confused with the above-destti®)/40 amino acid sequence) has
been shown to contain a 72-bp element that mediadesase in nuclear targeting and

gene expressidn Transcription factors ubiquitously bind this 78-4¢lement and
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mediate nuclear transport via the classic Impatrtfhpathway. This strategy has been
shown to be effective in vivo by both increasinglear uptake and mediating a 40-fold
increase in gene expression over plasmids thagthttle critical SV40 enhancer

sequenc®.

NLS Peptides: Non-Covalent Interactions

Due to the polycationic nature of the classic Nitfeése peptides inherently
interact with the polyanionic backbone of DNA viaarostatics. However, the short run
of cationic residues needs to be extended or oteemvodified to enable sufficient
charge-based interaction that will condense théige®NA polyplex to a reasonable
particle size. DNA-binding peptides like the vipsptide mu (MRRAHHRRRRASHRR-
MRGG)*, s-protamine (RVGR), |-protamine (RSRsFGRsVWR,4)*°, and poly-I-
lysine”® have been used in various strategies to bindléssic NLS from the SV40
Large T-Antigen to DNA by ionic interactions. Adidibally, Rosenecker and co-workers
synthesized “NLSV404"RKKKRKVGPKKKRKVGPKKKRKVGPKKKRKVGC) in
which 4 consecutive NLS peptides were linked tovjute for condensation of pDNA
Bremner et al, used a similar approach with varyihg sequences to form peptide-
pDNA polyplexe&’. In addition to an extended form of the SV40 Tigen
(SSDDEATADSQHSTPPKKKRKVEDPYC), the group also ingorated a nuclear
targeting peptide derived from the human T-celkéuia virus (MPKTRRRPRRSQRK-
RPPTPWAHFPGFGQSLC), and a non-classical sequenneleterogeneous
ribonuclearprotein A1 (GNQSSNFGPMKGGNFGGRSSGPYGGOEEAKPRNQ-
GGYC), known as M9.

Results from these experiments mostly showed madesases in gene
expression and affinity for importia- The most significant finding was from NLSV404
polyplexes. This peptide demonstrated a 100-fatdeiaase in transaction efficiency as

compared to “controINLSV404” when tested in vitho.general, the route of electrostatic
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interaction and the formation of peptide-pDNA pdéxes can be applied to any plasmid,
but it raises a question regarding ligand presemtats related to DNA affinity. That is,
the NLS may not be readily available for imporéitte bind because it can not recognize
NLS when electrostatically bound to the polyplex.

Peptide nucleic acids (PNAs) simulate oligonuchiedti but contain a backbone
of amide linkages which affords PNA/DNA base parthat has a higherylthan
DNA/DNA®, The PNA backbone has does not introduce chammssien as it lacks a
polyanionic phosphate backbone. Thus, PNAs canrbetdd to bind a specific sequence
in single-stranded or dsDNA with high affinity torf triple-stranded complex&sThis
site-specific “clamp” has been used to selectiattsich an NLS to pDNA. One drawback
of the PNA clamp is that the pDNA cargo is requitedbe engineered to contain a
specific target sequence. The method cannot bestgally applied without some
preliminary efforts in molecular genetics. On thiey hand, the number of PNA-NLS
attachments on a given plasmid can be preciselyated, and there is not an issue of
the clamp binding in the coding region of the tgaree to adversely affect transcription.
In his survey comparing the electrostatic bindihlbS versus PNA-clamp attachment,
Seymour incorporated the same sequences (extend BTLC, and M9) as are
discussed abo¥& Smith and co-workers identified a similar stratefattaching the
classic SV40 NLS to a PNA clartfi but they synthesized the PNA-linker-NLS linearly
on solid support using standard Fmoc chemistrynt®ey used maleamide coupling via
the Cys-terminated peptides. In each case, nugfgake and transgene expression
increased only up to 8-fold.

Two other methods that rely on sequence-specidio;govalent binding of an
NLS to plasmid DNA have been applied. In the faase, John Wolff and co-workers
introduced a nucleotide base, modified with biotinlinear dsDNA®%. They
subsequently coupled extended SV40 to strepavadaméble the high-affinity

interaction. Roulon et al, coupled NLS to pDNA mienpressive display of bioconjugate
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chemistry®% A short hairpin of DNA is designed of site-spacifiteraction with double-
stranded pDNA to form a triple-helix “padlock”. Tk&ort oligomer is contains a “sticky-
end” overhang to which another short hairpin casebaair and be ligated in the presence
DNA ligase. The second DNA oligomer was previodsiyctionalized with an NLS, so
the ligation process introduces the peptide of@seto the triple-helix complex. Both
approaches are intriguing at the level of theicbigugate chemistry; however, the SA-
biotin-NLS approach did not put forward any quaatiite measures of improved nuclear
uptake or expression, and the triple-helix padislttwed no advantage over relevant
controls.

Intercalating agents bind to double-stranded DNgellaon the planar orientation
of these polyaromatic molecules. Acridine is a $mmallecule intercalating agent that has
been coupled to NLS in order to randomly “decorg@NA with the peptides of
interest. At the forefront of this approach, Niglsmnd co-workers have synthesized bis-
and tris-acridine analogs of NLS which they showaoe sub-nanomolar affinity for
plasmid DNA®. Along the same lines, Boulanger et al, useaedy of coupling
acridine to NLS via a hydrocarbon spacer/malearit@ge®. In both cases, Acr-NLS-
pPDNA is subsequently polyplexed with PEI or lipdkenine, respectively for in vitro
studies. Nielson was able to demonstrate a >20uhaletase in gene expression with the
tris-acridine compared to PEI-pDNA delivery. Altatively, work from the Vierling
group was not successful in demonstrating eitheased uptake or increased gene
expression.

Finally, NLS has been conjugated to PEI (a wellskndNA-condensing
dendrimer). This strategy has been broadly apphegne therapy in the sense that many
gene-therapy related ligands (i.e., cell type-dpekgand, endosomal-lytic agent, or
NLS) have been incorporated in this way. Ofters #trategy is much more effective in
vitro than in vivo because the relative concertratf PEI can be controlled and

dendrimer toxicity is less problematic. In this eyde of NLS-PEI, Seymour and co-
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workers modified PEI to contain free thiol functiities®®. They then directed the
formation of disulfide linkages between PEI-SH #éimdl-containing viral hexon, which
is known to have nuclear targeting capability. Tie&on-modified PEI gave a 10-fold

increase in gene expression compared to PEI alwhéoaalbumin-modified PEI.

NLS Peptides: Covalent Interactions

Covalent labeling of DNA with an NLS peptide ensutieat the peptide-DNA
complex will move as one unit throughout the calturafficking process. This may be
guite an advantage to keep the ligand and cartgrtras it traverses the cytoplasmic
milieu. However, the effect that one or severaladent modifications will have once the
DNA reaches the nucleus is a legitimate questioihs #Wd Sherman have provided the
greatest focus in this area, and they believethi®atovalent interaction is quite important
to ensure nuclear delivery of the ligaad its cargo. Their research has yielded two
methods to label pDNA via photo-activatable chemisthe first is sequence-specific
labeling in which they introduce a psoralen-oligoleotide-NLS conjugate to capitalize
on the triple-helix formation, and lock the ligaimto place with DNA adducted by the
photoactivated psoralen. Their second approachmaadom labeling method in which
NLS, coupled to p-azidotetrafluorobenzoate via@ldmine liner is photoactivated
reacts with nucleophilic functional groups on DN Using the random labeling
method, they were able to couple both the clasg@0equence as well as the 62-amino
acid importing binding domain to plasmid DNA. The Tamagaki graugorporated PEG
(3400 MW) as a “stealthing” ligand and coupled BtEG-NLS to pDNA via
diazocoupling, in another iteration of random miaifions®”.

One of the most-noted manuscripts in nuclear targetf non-viral vectors
appeared in PNAS in 1999 and came from work inaheratory of J.P. BeH¥. Behr is
otherwise notable for first using PEI as a condemsigent for pDNA transfections

because it served the dual function of condensiNg Bnd buffering the endosome with
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its protonatable 2amines. In the NLS arena, Behr reported an enhnaecein gene
transfer (via optimized nuclear targeting) of ud@000-fold! Their approach was
unique in that they linearized the cDNA of lucifeeaend-capped with hairpin oligomers,
and introduced a single NLS (classic SV40 sequeviaeg modified nucleotide base on
one of the end-capping fragments. Their conclusamtsdiscussion argue that more than
one NLS attached to DNA will induce a “tug-of-wdrétween adjacent NPCs that
recognize multiple NLSs on the same DNA and imgtiaticlear transport in competing
directions. Work done by van der Aa et al, in 20@& an attempt to recapitulate the
work done by Behr, but they did not successfuljyroeluce any of the grand observations
of improved transgene expression via the linear BEMA-capping NLS methd¥. The
Harashima lab also repeated the study and spdbifaxddressed the issue of one versus
two NLS peptides incorporated into the endcapinetr DNA'. Likewise, their results
were similar to that of the Crommelin group. Thégerved no difference in expression
based on the number of NLSs used, but did con¢hateNLS attachment of any kind
only served to inhibit nuclear uptake.

While pursuing the delivery of linear, double-stlad DNA discussed above,
Crommelin and co-workers also reported on the rmudtecalization of the cDNA
containing a nuclear localization sequence intreduzy way of modified PCR
primers®. The 3’ primer was conjugated to a classic NLStigep Extension of the
luciferase cDNA from the 3’-primer resulted in thiesynthesize of both the sense and
anitsense strand of linearized DNA. These prodwet® subsequently annealed so as to
deliver the linear, double-stranded DNA. This sggtdid not improve the transfection

efficiency of DNA when delivered by cationic polyrse

Statement of the Problem

It is evident that viral gene transfer far outpaited of non-viral gene delivery

vectors. A significant portion of this gap coulddmvered if a non-viral vector could be
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engineered to efficiently deliver a functional pzadl to the nucleus. The above literature
review identifies several approaches to NLS-mediateclear targeting. Unfortunately,
there is no clear direction for a vector or expemtal design that consistently leads to a
significant increase in transgene expression. Taerexamples of research groups
independently designing similar vectors, only teetve quite different results. In
addition, independent reproductions of succesgfpi@ches have not been consistent
with the original findings. However, the worthinesfghis goal has been elevated by the
availability of many new gene therapeutic targets/jged by the human genome project
and most recently by the discovery of SiRNA

In light of the perceived challenge of researcthia area, we define the reasons
for choosing a photo-labeling approach to covajeaiach an NLS peptide to pDNA.
First, as a covalent adduct to pDNA, the NLS wdllabeled onto the plasmid throughout
intracellular trafficking. Much concern surroundingn-covalent methods is that the
NLS is sloughed-off in this process. Free NLS ia tlytosol would be of no advantage in
improving nuclear uptake of the plasmid. Second,itha universal method to coupling a
peptide to DNA. Regarding the peptide, the phobml@an be coupled to the N-terminus
of any peptide to allow for covalent labeling. Sirtbe labeling method is random, there
is not a specific sequence of DNA that has to bea into a plasmid. Any nucleotide
sequence can be covalently labeled by this meffodd, coupling 4-azido-2,3,5,6-
tetrafluorobenzoate to the N-terminus of the peptsdvery amenable to SPPS. The
photo-label is used just as any amino acid mon@nércoupled by DIC/HOBt methods.

The over-arching goal for developing a nuclear liaocgg ligand for non-viral
gene delivery is that this will come together isyatemically dosable therapeutic with
primary and secondary targeting characteristick-byias well. Rather than test the
nuclear localizing properties systemically andadtrice more complexity to the system,
we explored hydrodynamic delivery to the liver amsiamuscular dose followed by

electroporation. Both physical methods of delivallgw us to skirt some key barriers
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associated with the systemic delivery. We felt thase assays provided us the
opportunity to design and execute meaningful pafebrinciple experiments. We used in
vitro experiments to guide our focus and define pasameters and used in vivo dosing
methods coupled with bioluminescence imaging iat@mpt to identify NLS-mediated
increases in non-viral gene expression— a milestotiee field that has yet to be

achieved.



32

CHAPTER 2
HYDRODYNAMIC DOSING AND BIOLUMINESCENT IMAGING:
QUANTITATIVE IN VIVO LUCIFERASE EXPRESSION

Abstract

Bioluminescent imaging (BLI) is a widely used iveimethod to determine the
location and relative intensity of luciferase exgsien in mice. Luciferase expression is
observed following an IP. dose ofiuciferin, resulting in bioluminescence that is
detected in anesthetized mice by a charge-cougeidal (CCD) camera. To establish if
BLI could be used as a quantitative measuremelicderase expression, precise
guantities of plasmid DNA (pDNA) encoding the lifise gene were hydrodynamically
(HD) dosed in mice. The results established a tioeaelation between the DNA dose
and bioluminescent response measured in liver wépeimned 5-orders of magnitude.
The level of luciferase expression was found ta lkrect function ob-luciferin dose.
The time course of luciferase expression, as veetha influence of multi-dosing of
substrate, were measured by BLI. The recoveryafdrase from the liver of HD dosed
mice allowed calibration of the BLI measurementsp&at dosing on successive days
demonstrated detectable luciferase expressionghr8uays following the HD dose. The
results establish BLI's limit-of-detection of 20 pgluciferase per liver following a HD
dose of 100 pg of pDNA. The primary advantagessorigiquantitative BLI in mouse
liver and muscle are the sensitivity of the as#iagy,speed and ease of making
measurements, the precision and linearity of tleedesponse curves and the ability to
conduct serial sampling of gene expression overyrdags or months while eliminating
the need to euthanize animals. These results dgmatathat BLI is both sensitive in
detection of bioluminescence and linear in its oeses. This imaging modality coupled
with HD dosing should allow for the direct compansof the efficiency of gene transfer

vectors that target the liver
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Introduction

In vivo bioluminescent imaging is a method to nowasively measure luciferase
expression in animals. The method involves theesgon of luciferase in mice followed
by an IP dose ab-luciferin and subsequent imaging of the biolumaegxe in
anesthetized animals by a cooled CCD camera. frtaging modality has been used
broadly in the examination of molecular processestd its technical simplicity in
guantifying photons emitted by the enzyme-catalyzeémiluminescent reaction.

S’I.llll?:

Specifically, BLI has been used to study tumor rsteis monitor potential anti-

cancer therapies”, evaluate novel antibiotids>'® measure tissue regenerattoh*®
and detect protein-protein interactidn$ Although BLI has been broadly applied, its use
as a quantitative method has not been validated.

Unlike in vitro gene transfer in which PEI-mediatgehe delivery of pGL3 (a
plasmid encoding luciferase) is a reliable benchnf@r expression, in vivo gene transfer
has no common standard of potent expression tasagtreliable benchmark. An
understanding of the relative transfection efficyers especially important when using
luciferase as a reporter gene because of its ategensitivity of detection and the lack
of assay calibration by many labs. This often |ldadbe interpretation of small, almost
negligible number of relative light units (RLUs)tdeted and cited as significant levels of
expression.

BLI is also widely used in gene therapy and acakptethe most definitive
method to detect transgene expression in vivo. iBhpsimarily because BLI is fast,
sensitive, and free of false positiVe& Gene transfer studies of both viral and non-viral
vectors have used BLI to measure relative transfeefficienciesn vivo 4%

Although BLI has been used to compare differenegdglivery methods, the linearity in

response, the calibration with respect to luciferaspression, and the limit of detection

have not been determined. Numerous factors camilsot& to a non-linear BLI response
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such as the tissue expressing luciferase, lightesoag effects, and the biodistribution of
D-luciferin in mice.

In the present study, we have validated BLI foeéinresponse, limit of detection
and quantity of luciferase expression for livegited non-viral gene delivery. This
study utilized the well-established technique adifeglynamic dosing of pDNAZ*%to
selectively mediate luciferase expression in therlof mice. The results presented
establish that BLI produces a linear response 6v@aders of magnitude. The limit of
detection is on the order of 20 pg of luciferaskiclv is equivalent to the limit of
detection using much more laborious methods to uredsciferase in liver
homogenates. Not surprisingly, thduciferin dose and the time of acquisition follogi
substrate dosing both influence the magnitude ebibluminescent response. The results
of the study establish BLI as a quantitative, ralmsthod for measuring luciferase
expression following hydrodynamic dosing. The stathp revealed a surprising result in

which as little as 100 pg of plasmid DNA produceelasurable luciferase expression.

Materials and Methods

Plasmid (pGL3 Control) encoding a luciferase regrogene and driven by an
SV40 promoter and enhancer was purchased from B@iMadison, WI). The plasmid
was grown irk. coliand purified by a Qiagen prep kit (Valencia, Cipale ICR mice
(15 - 20 g) were purchased from Harlan (Indianagp®N). D-Luciferin, was purchased
from Gold Biotechnology (St. Louis, MO) and ATP dndiferase were purchased from

Roche Applied Science (Indianapolis, IN).

Hydrodynamic Dosing pGL3.
Plasmid DNA (100 pg — hg) was prepared in normal saline corresponding to 9
wt/vol % of the mouse’s body weight (1.35 — 2.25.fmhe DNA dose was administered
by tail vein to triplicate mice in 5 sec accordioga published procedut&'? At 24

hrs, mice were dosed intraperitoneally withi@f D-luciferin (30ug/ul in phosphate-



35

buffered saline), anesthetized by 3% isofluorand,then imaged for bioluminescence
by the IVIS Imaging 100 Series (Xenogen). BLI wasfprmed in a light-tight chamber
on a temperature-controlled, adjustable stage vi#8dasofluorane was administered by a
gas manifold. Images were acquired at a ‘mediumnipig level and a 20 cm field of
view. Acquisition times were varied (1 sec - 1 ndepending on the intensity of the
luminescence. The Xenogen system reported biolisoeree as

photons/sec/cffsteradian in a 2.86 cm diameter region of intecesering the liver.

Time Course of Bioluminescence: Single Dose-of
Luciferin
Mice were hydrodynamically dosed in triplicate witl©®01, 0.01, 0.1 or (g
pGL3. After 24 hrs, an IP injection of 2.4 mgm{uciferin was administered, and mice
were imaged for bioluminescence after 4 min. Tald&h the time course of
bioluminescence, measurements were continued & htarvals for 60 min. To
examine the effect of repeateduciferin dosing, mice were hydrodynamically dosed
with 0.1ug pGL3. After 24 hrs, mice were repeat-dosed withr2ag ofD-luciferin at
time 0, 20, and 40 min, and bioluminescent imageewontinually acquired in 7 min

intervals over 60 min.

Duration (in Days) of Detectable Luciferase Expra@ssn
the Liver
Mice were monitored over a period of days to deteenthe time course of

luciferase expression that resulted in an obseevailbluminescent response. Mice (n=3)
were HD dosed with jig of pGL3. After 24 hours, they were dosed IP i mg (80

ul) of D-luciferin, anesthetized and imaged 4 min followsupstrate dose. The imaging
procedure was repeated on successive days untdmpHfax values within the regions of
interest were reduced to background levels. Imagaisition times ranged from 5 sec to

2 min, depending on the intensity of the biolumo®d response.
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Dose-Response of pGL3 abe_uciferin

The bioluminescent response was measured follolydgodynamic dosing with
100 pg - 5ug of pGL3. At 24 hrsb-luciferin (2.4 mg in 8Qul of PBS) was injected IP
and images were acquired after 4 min. Acquisitiores ranged from 1 sec for the.§
dose (to avoid pixel saturation) to 1 min for @ g dose (to allow sufficient
collection of photons to generate a color-map @grl

Mice were hydrodynamically dosed with Qud of pGL3 and after 24 hrs were IP
injected with either 0.0024, 0.024, 0.24, or 2.4ahg-luciferin in 80ul of PBS.

Bioluminescent images were acquired for 10 - 60as&cmin posb-luciferin injection.

Measurement of Luciferase in Mouse Liver Homogenate

Mice were hydrodynamically dosed in triplicate with0 pg — 5ug pGL3 and
imaged at 24 hrs as described above. Animals wereguthanized by cervical
dislocation following an IP dose of 0.2 ml of ketasixylazine (20 mg/ml and 2 mg/ml,
respectively). The liver was collected, immediatiebzen in liquid nitrogen, and stored
at -70°C. Livers were processed into a powder loyrapdry ice and grinding the tissue
using a mortar and pestle. Liver powders were cagtbivith 50Qul of lysis buffer
(TrisHCI 25 mM, MgC} 8 mM, EDTA 1 mM, 1 w/v% Triton-X 100, pH 7.8 ) pgram
of liver, vortexed for 5 min, freeze-thawed thraeds and centrifuged for 3 min at
10,000 xg. The supernatant was recovered, tissue was resdeg in 50Ql of lysis
buffer per gram of pellet, and centrifuged as dbsdrabove. The supernatants were
combined and stored frozen at -70°C until assagetlitiferase.

The supernatant (1Q0 ) was combined with 300l of lysis buffer, 4.3ul of ATP
(165 mM), and 10@! of D-luciferin (14ug ) injected automatically at the moment of
analysis. The relative light units were measureel A9 sec on a Lumat LB 9501 from

Berthold (Oak Ridge, TN). A standard curve was tmiesed by adding known quantities
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of luciferase to mouse liver homogenate from uné@anice, followed by processing as

described above.

Results

In vivo bioluminescence measurements are wideld teeneasure the location
and the relative degree of luciferase expressiba.ifitensity of bioluminescence should
be proportional to the amount of luciferase assgrtiatD-luciferin and ATP are
available at consistent levels from mouse to motsezalidate this method for
guantitative analysis of luciferase, we determitielbioluminescent readout in relation
to the amount of luciferase present in mouse lithex,dose ob-luciferin, and the time of
bioluminescent acquisition.

Mice were hydrodynamically dosed with Qud of pGL3 and subsequently treated
with a varying dose ab-luciferin. This resulted in a linear dose-resporedationship
that spans three orders of magnitude (Figure 2ih) tiwe highest dose af-luciferin
yielding a mean photon flux of ~iphotons/sec/chfsteradian. A linear relationship was
determined fopD-luciferin dose and bioluminescent response dowanrtanimal substrate
dose of 2.4 mg. Even at this small dose-dficiferin, the photon flux was > 10
photons/sec/chfsteradian. The limit of detection (1.16 xJhotons/sec/cffsteradian)
was determined by calculating the photon flux wetiof naive mice following-
luciferin administration (not shown).

To establish whether the bioluminescent intensitipving a single dose a-
luciferin is also a function of time, photon fluxas/detected at 7 min intervals. The
results indicate a linear decrease by 1 log uret ®@ min (Figure 2-2). This decline in
response over time was observed at a pGL3 dos@g@ibwn to 1 ng and could be due
to either substrate elimination from the liver egdadation of luciferase.

To distinguish between these possibilities, 2.4amnp-luciferin was dosed at 20

min intervals following a single hydrodynamic dade.1ug of pGL3 (Figure 2-3). The
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Figure 2-1Influence of luciferin dose on bioluminescenceofeihg hydrodynamic
dosing of pGL3Mice were hydrodynamically dosed with Qud of pGL3.
After 24 hours, triplicate mice were dosed with(20 - 2.4 mg-luciferin in
80 ul PBS. Quantitative bioluminescence measurements e@lected after 4
min. The data represents the mean and standaratidevi

results established that bioluminescence couletbevered to within 2-fold of the initial
value following each dose of substrate. These tean interpreted to mean that
luciferase expression and activity were nearly tamsover the 60 min, but time
luciferin clearance was primarily responsible toe decreased bioluminescence over
time. These experiments also suggest that ATP walmiting in concentration in the
liver.

Luciferase expression was monitored over a periathygs to determine the

duration of detectable bioluminescence. Maximakespion was observed on day 1
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Figure 2-2 Bioluminescence time course following a single ddseluciferin. Triplicate
mice were hydrodynamically dosed with 0.001, 0@1,or 1.0ug of pGL3.
After 24 hrs, a single IP dose ofiuciferin (2.4 mg in 8Qul of PBS) was
administered and bioluminescence was measuredioweourse of 53 min.
Data points represent the mean and error barsatedibe standard deviation

(~10° photons/sec/chfsteradian). Expression levels steadily decreasetbalay 5,
averaging a decrease of approximately 1 order ginmade per 24 hour period.
Bioluminescence remained at a detectable leveutiiralay 8. Imaging on day 9
produced background photon flux (Figure 2-4).

Luciferase expression was measured both by whaheahimaging of

bioluminescencen vivo and by direct luciferase assay of liver homogenakbe
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Figure 2-3Bioluminescence time course following repeat do$&sluciferin. Mice
were hydrodynamically dosed in triplicate with Q4. pGL3 24 hrs before
imaging. D-Luciferin (2.4 mg in 80l PBS) was dosed at 0, 21, and 42
minutes while images were acquired every 7 minowes the course of 60
min. Second and third dosesmfuciferin are indicated by the arrows. The
data represent the mean and standard deviation..

bioluminescence determined by imaging and thatvexeal from liver homogenates was
plotted against the dose of pGL3 (Figure 2-5).n&d#r relationship was observed
between the hydrodynamic dose of pGL3 and luciteeagpression measured by the two
methods. The dose-response for pGL3 also establdétection limits of 10
photons/sec/chfsteradian for BLI and 100 pg of luciferase for theect measurement of

luciferase in liver homogenates (Figure 2-6).
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Figure 2-4Time-course of gene expression by HD-RIGL3 (1ug ) was dosed
hydrodynamically to mice in triplicate. Luciferasgpression was monitored
by BLI over an extended time course following 2.¢ delivery of substrate.
The results establish the duration of observalbeession for this route of
pGL3 delivery

Discussion
BLI is rapidly becoming the most widely used methodneasure transgene
expressionn vivo. In the present study, we have used hydrodynaosmg of pGL3 to
reliably and reproducibly express luciferase inlther of mice. The reproducibility of
the hydrodynamic dosing procedure is evident froenery low relative standard
deviation in triplicate mice. In fact, the relatistandard deviation of the BLI
measurement for repeated analysis of the same maassenly slightly lower that the

inter-mouse variability. This route of gene delywean function as a tool to correlate
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Figure 2-5.Influence of hydrodynamic dose of pGL3 on biolusteace Triplicate mice
were hydrodynamically dosed with 0.0001, 0.0011001, 1.0 or 5.Qg
pGL3. After 24 hours and an IP dose of D-lucifd@ mg_ in 8Qul PBS),
bioluminescence was quantified, reported in phdsmtécni/ser. This data is
represented by open circles. Mice from each treatigi@up were
subsequently euthanized and livers were harve$tezimass of luciferase,
expressed in pg/liver, was determined byravitro assay, and these data are
represented by the closed circles. Error barbdtin data sets represent the
standard deviation.

photon flux, as detected by in vivo BLI, to thewsdtamount of luciferase present in liver
homogenates.

BLI most commonly involves 2.4 mg ofluciferin dosed IP according to
publications from the instrument manufactdférThe result of Figure 2-1 establishes a
linear relationship betweemluciferin dose and bioluminescent readout. Theda d
indicate that the substrate is limiting the leva®ioluminescence that can be detected.

A further increase in bioluminescence may resulinisyeasing th@®-luciferin dose
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above 2.4 mg; however, the solubilitymuciferin, which is 3Qug/ul (100 mM) in PBS
is limiting. In addition, increasing the dosemafuciferin becomes cost-prohibitive.

A second factor that influences the intensity spanse is the timing of
acquisition followingbd-luciferin dose. The rapid distribution pfluciferin to the liver
corresponds with the findings of Lee, et%] and indicates that photon flux will be
greatest immediately following substrate injecti®hereby, the rate of decrease in
photon flux over the course of 60 min is independadrnhe initial amount of enzyme
present. The observed decrease in signal is nkesy he result of clearance bf
luciferin and further supports the substrate’s adéehe limiting reagent in response. The
data also suggests that the expression of lucdasasot diminished 24 hrs after
hydrodynamic dose. The enzyme appears to remaweater the initial turnover ab-
luciferin to oxyluciferin because repeat dosesutifstrate results in sustained levels of
bioluminescence over the course of 60 min (Figu#.2

Hydrodynamic dosing of varying amounts of pGL3 waed in combination with
BLI to establish linearity in response’(R 0.9867) over 5 orders of magnitude. The slope
of the calibrated plot established a relationshimtal photon flux = (8.8& 10%) x pg
luciferase, and a limit of detection of 4.1 ¥’ pBotons/sec/cffsteradian (S:N = 3:1)
when expressing 20 pg of luciferase/liver and dpsiith 2.4 mg ob-luciferin. The
luciferase expression determined by BLI followingllrodynamic dosing of fig of
pGL3 was 1.77 x 10pg of luciferase/liver. This value is comparaléavels of
expression reported previously of 4 X @ of luciferase/livet?® and 9 x 16 pg of
luciferase/liver®,

It is interesting to note that the mouse liver eims approximately £0
hepatocytes. A 100 pg dose of pGL3 i€ alecules, and only a fraction of the dose

(40%) is taken up in hepatocyt€8**° Thus, it appears that BLI is able to detect
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Figure 2-6.Correlation of bioluminescence to luciferase masgsplicate mice were
dosed with pGL3 in the amounts indicated by the tktels. The solid line
represents the regression for the presented ddthamnan Rvalue of 0.9867.
Within the range of data shown here (5x1@x10d° photons; 18- 5x1C pg
luciferase), the correlation value is 8.88%pBotons/pg luciferase.

luciferase expression mediated by a very low dég&sh.3, even when it is distributed
across less than 10% of the cells in the liver.

These results highlight the advantages of BLI edrout with a CCD camera,
which include its simplicity, ease of detection aadroducibility, compared to the more
laborious process of homogenizing resected livedsraeasuring luciferase in a
bioluminometer. The quantitative analysisroVivo gene expression mediated by

increasingly more potent gene delivery vectorsiimental to the advancement of this
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science. BLI is increasingly being established pswerful tool to aid researchers to

obtain quick and definitive gene transfer efficigmeeasuremenis vivo.
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CHAPTER 3
INTRAMUSCULAR DOSING AND ELECTROPORATION OF
LUCIFERASE-EXPRESSING PLASMID: IN VIVO EXPRESSION
DETECTED BY BIOLUMINESCENCE IMAGING

Abstract

Intramuscular (IM) dosing is a common route foridgdDNA in vivo. The
method of delivery is simple, and the durationxjfression is longer than achieved by
HD dosing. We incorporated BLI as an efficient metndetect luciferase expression in
skeletal muscle. Initial experiments exploring Isthg and the possibility of
incorporating electroporation (EP) showed that &@P®ing an IM dose could boost
transgene expression by at least 1,000-fold. Satlestielivery was found to be optimized
when delivered by an IM dose, and the expressiofil@was monitored for 30 min
following a single substrate dose. The time coofdaciferase expression in skeletal
muscle was persistent past 36 days, and a doseAsspurve was generated by
delivering varying amounts of pGL3. Bioluminescept&teaued at doses greater than 10
ug of pGL3. Tissue was harvested from mice, andutiéerase levels were measured in
the tissue homogenate. These values were conuvertedabsolute amount of luciferase
via a standard curve generated with a known amaofuntiferase. Using this correlation
in the dynamic range tested, a bioluminescent neaofoexpression from the hamstring

muscle can be converted to pg of luciferase exptessthe tissue.
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Introduction

IM dosing has been a popular delivery route foriiio gene expression. It has
been shown to be effective to deliver naked DNA Iiolus dose to skeletal muscle.
Skeletal muscle is an attractive target becausdatge tissue, has the capacity to
biosynthesize large amounts of protein and is atglesto IM dosing. In addition, with
an eye toward developing expertise with an in \@ageay for NLS-mediated increase in
gene expression, skeletal muscle cells are postiméand multinucleate. These factors
are expected to enable an increase in gene expmagsiultant from increased uptake into
nuclei relative to the proper controls. Skeletakuie is an attractive target for expression
of therapeutic proteins as well as introducing DN&#sed vaccines in which the pDNA
encodes an antigenic epitope.

EP is a process by which cell membranes are tnathgigermeabilized by
electrical pulses. The membrane potential and ppécation of an electric field of
significant strength trigger cells to adopt a pityain addition, morphological changes
associated with field alignment trigger membrangtalalization. Under these conditions,
it is theorized that pores are formed and elecwogtic movement carries charged
molecules across the cell membrane and into thasaltThis is a well-known physical
method of delivery used in concert with IM dosiag (vell as other routes) to achieve
increased levels of transgene expression.

Luciferase may be quantitatively measured in skehatscle by BLI in the same
way it was following HD dosing in the liver. In thapproach, we have optimised
luciferase expression and detection in skeletalcheusy the optimal route and dosepof
luciferin, the timing of image acquisition follongrpGL3 andd-luciferin dose, the
profile of the dose-response curve, the limit dedgon, and the amount of luciferase
expressed in muscle relative to a calibration curve

In the previous chapter, a major finding is therelation between the BLI

response and the absolute amount of luciferaselvibiexpressed in the target tissue. An
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optimal delivery route for skeletal muscle, like-l&P, can be used to set the same sort of
benchmark for optimal expression from a non-viedter. The general approach used
should be adaptable to any tissue that is capdlgererating appreciable levels of

luciferase expression.

Materials and Methods

pGL3 Control plasmid was obtained as describetierprevious chapter. ICR
male mice (25-30 g) were purchased from Harlan LEbsamine (500 mg/ml,
Bionichepharma, Lake Forest, IL) and xylazine (h@§ml, Phoenix Pharmaceutical, St
Joseph, MO) were combined with normal saline (OMN&&I, Abbot Laboratories, North
Chicago, IL) to give a dilution of ketamine (20 md) and xylazine (2 mg/ml) for
delivery as an anesthetic. 1 ml monoject insulingyes containing a 28 G x % inch
needle were utilized. Electrical stimuli were delied via a 2-needle array electrode
(BTX Products, Harvard Apparatus, Holliston, MA)tva width of 5 mm. An ECM 830,
Square Wave Electroporation System (BTX Products used to generate the electrical

pulses.

Intramuscular Dosing and Electroporation

Male ICR mice were prepared for IM dosing and ERibgsthetization with an IP
dose of 20Qul of a ketamine/xylazine (20 mg/ml and 2 mg/ml pastively). All mice
were confirmed to be anesthetized by monitoringotal response. The ventral aspect
of the hind limbs was sheared and swabbed with &®fanol. A 5Qul dose of normal
saline containing pGL3 was delivered to the hamgtmuscle via an insulin syringe. The
depth of injection was controlled by silicone tulpivhich sheathed the syringe up to
approximately 2 mm from its point. The dose wasveetd over 10 sec, and the syringe
was held in place for an additional 10 sec befereaving it from the tissue.

The IM dose of pGL3 was followed by EP. Successiegtronic stimulation was

carried out with the EMC BTX 830, Square-wave P@smerator as the power source.
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The points of the BTX 2-Needle Array Electrode avearefully pressed into the skin
with the electrodes straddling the pGL3 dosing €ee minute following the dose of
pGL3, the pulse generator was initiated to delsmersuccessive pulses of 100 V each.
The 100 V pulses were 20 msec in duration folloWwg@ 100 msec latent period. The
size of the electrical field was equivalent to width of the needles in the electrode array
-5 mm.

Mice were allowed to recover from the anesthetibedding-free cages in a
warmed environment. They were returned to the wwaifollowing recovery, and mice
were handled according to approved protocol froenhiversity of lowa, Offices of

Animal Resources.

Bioluminescence Imaging of Luciferase Expression in
Skeletal Muscle

Luciferase expression was quantified by BLI fromh2d and for an extended
duration following the IM dose of pGL3. Imaging svearried out in the 1VIS Imaging
System 200 Series (Xenogen). Prior to imaging, mieee anesthetized by isofluorane
(2% flow with oxygen). Subsequently, mice were ptht the imaging chamber, and
maintained under anesthesia via a gas-flow manifolthe chamber, mice were dosed
IM (at the site of pGL3 dosing) with 40 (30 mg/ml) ofb-luciferin. Acquisition of
bioluminescent images began 10 min following su#tetadministration. Images were
acquired from 5 sec up to 3 min (depending onnkensity of the bioluminescent signal)
with a 24.6 cm field of view and medium binning.

The resultant grayscale images with a colormaplayevere analyzed using the
IgorPro 4.09 software (Livinglmage). Luciferase eegsion was quantified in terms of

the resultant photons/sec/@steradian within a uniformly defined region ofergst.
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Intramuscular Dose of pGL3 Compared to an Intramiasc
Dose Followed by Electroporation
Mice were dosed in groups of 3 (n=6) for this expent. pGL3 was diluted in
normal saline up to 0.4 mg/ml. All mice were dogedoth legs with 5Qu of the pGL3
dilution (20ug pGL3). For 3 mice, the IM dose was followed byd&ter 1 min, as
described above. Luciferase expression was combateceen the groups by BLI after
24 hrs.D-luciferin (40ul of a 30 mg/ml dilution in PBS) was delivered INIthe site of

pGL3 dosing.

Dose-Response of pGL3 by IM-EP

Two mice were used in each dosing group (n=4). p@&8 diluted in normal
saline so that each 0 dose contained 0.1, 1, 5, 10, 15 on@0of pGL3 (0.002, 0.02,
0.1, 0.2, 0.3 and O#g/ul, respectively). The 50l doses were delivered by IM injection
followed by EP, as described above. Mice were irddgeBLI after 24 hrs. Additional
BLI images were acquired 23 days following IM-EPRsuhg, and the magnitude of
expression was compared.

Following the second image acquisition, the luager-expressing skeletal muscle
was harvested. Mice were IP dosed with @8DRetamine/xylazine. In the absence of a
pedal response, both legs were sheared and theldayar was removed to expose the
muscle of interest. Mice were then euthanized byical dislocation, and the muscle
was quickly excised from each leg. Following musst#ation, the tissue was weighed,
rapidly frozen in liquid nitrogen, transferred t@ anl screw-top microfuge vial and
maintained at -7ATC.

Frozen tissue sections were ground with a mortdpastle in the presence of dry
ice and the resultant powder was maintained dG.78amples were then allowed to
thaw at which time 500l of lysis buffer was added to the tissue homogerdamples

were inverted/mixed and cells were lysed in a sesfe3 freeze-thaw cycles (from in dry
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ice to a 37 water bath) to disrupt cell membranes via icetahf®rmation. Lysate was
then centrifuged for 3 min at 10,00@xSupernatant was removed and p06f lysis
buffer was added back to the samples that were agaitrifuged.10@l aliquots of the
combined supernatants were assayed for luciferggession in the standard
luminometer assay as described in the previoustehap

Skeletal muscle tissue that was not dosed witlidtase-encoding plasmid was
also processed as described above. Supernatantifeolysate of this tissue was used in
a standard serial dilution of a known amount offerase to generate a standard curve to

correlate the bioluminometer readout (RLUs) withataisolute amount of gene product.

Duration of Luciferase Expression in Skeletal Mascl
Mice that were IM-EP dosed withply of pGL3 were incorporated into a study to
examine the duration of luciferase expression (nedgiferase expression was
monitored by BLI beginning 24 hrs after IM-EP dagi®n each day of imaging, 40 of
D-luciferin (30 mg/ml) was delivered IM at the saepGL3 dosing. Mice were dosed
while under isofluorane anesthetic and images wegeired 10 min later. Expression

was followed by BLI up to 36 days after deliverytbé IM-EP dose.

Bioluminescent Response basedshuciferin Dose
The route of substrate dosing was compared pri&Ptdeing incorporated into
IM dosing experiments. Briefly, 4 mice (n=8) wei@sdd with 2qug of pGL3 in 20ul of
normal saline. After 24 hrs, 2 mice were IP dosé&t @0 ul of D-luciferin (30 mg/ml),
anesthetized and imaged for luciferase expresSioccessive 2 min images were
acquired up to 9 min following IP dosing. The reniiag 2 mice were anesthetized and
the substrate was dosed IM, at the site of pGL&ctign. Images were acquired (30 sec)

until 9 min following the dose af-luciferin.
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Figure 3-1Expression from an IM dose enhanced by HMie were dosed IM with 20
ug of pGL3. The bolus dose was followed 1 min latgh EP in the second
group. Mice were imaged for luciferase expressipBbl after 24 hours and
an IM dose ob-luciferin (4Qul, 30 mg/ml). Images were acquired 10 min
following substrate dose. Error bars represenstaedard deviation from the
mean (n=6).

Results
EP is well-known to increase the amount of pDNA inaters a cell. A sequence
of 6 successive electrical stimuli of 100 V eacls\applied over a 5 mm field spanning
the site of pGL3 dosing. Figure 3-1 indicates Rt applied under the above-described
conditions, increased luciferase expression by rttae 3 orders of magnitude when 20

ug of pGL3 was dosed in 50.
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Figure 3-2Dose-response for pGL3 delivered by IM-BRce were dosed by IM-EP
protocol with 0.1-2Qug of pGL3. Luciferase expression was measured by BL
1 day following pGL3 dose (filled circles) and aB® days after dosing (open
circles). Imaging at both time points involved aid@ose ofb-luciferin (30
mg/ml) administered IM. Data represent the meansaaadard deviation of
n=4 doses per group.

To further investigate IM-EP dosing, a dose-respangeriment was carried-out
in which the dose of pGL3 showed a positive coti@tawith the bioluminescent
response (Figure 3-2). The bioluminescent resporessured 24 hrs after dosing pGL3
is represented by the filled circles on the log#inplot. Luciferase expression levels
plateaued at approximately 1 x*Ifhotons/sec/cffsteradian for 10, 15 and 2@ doses
of pGL3. All mice were imaged again 23 days follogiM-EP dosing of pGL3. The

plot of the follow-up imaging (open circles) indied an expression profile identical to



54

that observed on day 1. Bioluminescence had unlfodecreased 3 orders of magnitude
for 10-20ug doses over the course of 23 days. The 1 amgldoses of pGL3 showed

100-fold decreases in bioluminescence.
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Figure 3-3.Correlation of in vivo bioluminescence to pg ofifease Mice dosed with
0.1-10ug of pGL3 (+/+) (n=4) were imaged by BLI (soliddis) 23 days
following IM-EP dose of pGL3. Subsequently, theifexase-expressing
skeletal muscle was harvested and assayed on h tgnbioluminometer to
determine the absolute amount of luciferase prgegan circles). Data was
transformed from RLUSs to pg luciferase via a staddarve generated with
known amounts of enzyme in the presence of naiglesit muscle
homogenate.

Tissue was harvested from mice dosed with 0.1 pgl6f pGL3 following the
second image acquisition. Previously, it was shtvan BLI with HD dosing of pGL3

could be correlated with the absolute levels offétwase expressed. The same principles
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were applied in this experiment to quantitativedyrelate pg of luciferase and the
bioluminescent response from skeletal muscle in.vithe log-linear plot shows the
direct comparison of BLI-detected expression levath the response detected on a

luminometer and converted to pg based on a knoandsard (Figure 3-3).
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Figure 3-4.Time course of luciferase expression following IM-@sing.Mice were
dosed with Jug of pGL3 by the IM-EP protocol (n=4). Expressioasv
followed for 36 days following pGL3 dose. For imaagyuisition at each time
point, D-Luciferin was delivered in an IM dose of 1.2 m@ (8g/ml). Images
were acquired 10 min following substrate adminisira

One of the advantages of the IM dosing route agpened to HD is that
detectable transgene expression persists for #ygex@ended duration in skeletal

muscle. Figure 3-4 shows that mice dosed witly bf pGL3 (+/+) by the IM-EP
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protocol can be serially sampled over the time sewf at least 36 days. Detection of
luciferase expression is maximal on day 2 (follaywtosing on day 0). Over the course
of 36 days, the detectable photon flux decreasatklyly 3 orders of magnitude and
approached the limit of detection for BLI.

PreviouslyD-luficerin had been delivered via an IP dose tdéndistribution to
the liver. In this experiment, the route of delyw@ras examined in order to maximize the
bioluminescent response. Figure 3-5A shows, inoatshed time course, that an IM dose
of D-luciferin (1.2 mg/leg) increased photon flux ngakD-fold as compared to the same
amount of substrate delivered (on a per mouse)dagian IP dose. Figure 3-5B displays
the profile of the bioluminescent response ovema ttourse following IM dosing af-
luciferin. At 10 min following the substrate do®#&luminescence was maximal. Over

the course of 30 min, detectable photon flux desedapproximately 2-fold.

Discussion

By introducing EP as a component of the IM dosirgqxol, bioluminescence
was increased nearly 1,000-fold. The bioluminesoesponse increaseses photon flux
from on the order of funits with a lug dose of pGL3 up to £0
photons/sec/cffsteradina following a 1Qig dose by an IM-EP dose. By incorporating
EP, much less plasmid is required to achieve skietetiscle expression that falls in the
linear range of BLI detection. The advantage oivéeing less plasmid becomes clear as
experiments advance towards delivering more eladaran-viral vectors. Experimental
expense can be reduced when incorporating an Nis8gén, PEG-peptide or other
ligand into this type of dose if the amount of riegd reagent is reduced by 1,000-fold.

These experiments were primarily carried out asams of investigating IM-EP
as a viable method for in vivo luciferase exprassiwe determined which parameters
could be adjusted to produce a bioluminescent awthich maximized the dynamic

range of detection by BLI. An interesting fiding svéhe dose-response (Figure 3-2)
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Figure 3-5Bioluminescent Response Dependent on Luciferin.D})sdice were IM-
dosed with identical amounts of pGL3 (+/+). 24-hBll was preceded by
either an IM dose (1.2 mg/leg, solid fill circles)an IP dose (2.4 mg/mouse,
un-filled circles) of-luciferin (30 mg/ml). B) The bioluminescent prefivas
followed over an extended time course after an ddedofd-luciferin (1.2
mg/leg; 30 mg/ml).
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which indicated that a lg dose of pGL3 gave expression in the dynamic ramgea 10
ug dose of the same plasmid resulted in expreshatrapproached the limit of
detection by BLI. In future experiments with IM-EBsing, a 1Qug dose of pGL3 with
varying treatments would not be useful if we exgedee an significant increase in
expression from dose-matched controls.

It seemed that the plateau in expression atgl@oses and larger was not
necessarily due to an impediment of the limit deddon. The dose-response profile
remained the same when mice are imaged 23 daysafeng and the level of plateaued
expression was clearly less than the limit of detact the later date. Thus, the
characteristic plateau suggests that the biolurnargsesponse is maximized with a 10
ug dose of pGL3 delivered to the hamstring musctefahowed by EP. This effect may
be a substrate-dependent, tissue-dependent or iogeait-related. In any case, going
forward, we understand the maximal bioluminescegponse to come from an IM-EP
dose of 1Qug pGL3 in the hamstring muscle.

As in the case of HD dosing, we were able to qfatite relationship between
the bioluminescent response detected in vivo bydid pg of luciferase detected on a
bench top bioluminometer. Figure 3-6 displays theedation, and the equation can be
used to transform BLI signal to an absolute amadihiciferase expression from an IM
dose in the hamstring muscle. In this example, axemot exhausted the full dynamic
range of detection (only 2.5 x 40 3.1 x 18 photons), and the plateau at higher doses of
pGL3 indicate that this relationship may not beénoutside of our correlation plot. In
the absence of data to show linearity or the gk otherwise fit data in the linear
range, we will not apply this correlation to adalital plots of skeletal muscle dosing of
pGL3 in the hamstring. The process completed ®pbint indicates that a complete
correlation could be made, and suggests this isilplesfor other target tissues, as well.

An interesting observation comparing this correlafplot to that in Chapter 2

comes from the difference in the value of the sléfigure 2-6 shows that 8.88X10
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Figure 3-6.Correlation of BLI response to pg of luciferasehe hamstring muscle
tissue.Data from Figure 3-3 is re-plotted in order toedstine the equation
for the linear regression line to correlate BLIp@esse with absolute amount
of luciferase expressed

photons can be attributed to 1 pg of luciferaseesged in the liver. This value is lower
in skeletal muscle (527.8 photons/pg luciferasshasvn in Figure 3-6) suggesting that
the BLI response from the hamstring muscle is sahtense as it is from the liver.
Considering the depth of the target tissue anghkiwdon absorbance in mammalian
tissue, this relationship is unexpected. Basedssné depth, we would expect 1 pg of
luciferase in the liver to manifest in the formfewer photons than we would from 1 pg
of luciferase in the hamstring muscle. Additioreadtbrs like vascularization and an
increased concentration in photon-absorbing pigatemt in the liver would also lead to

a decrease in the relationship of photons/pg.dtse possible that the bioluminescent
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response from the hamstring appears depressed et substrate availability for
enzyme expressed in this tissue. Tissue specifioitthe SV40 promoter and the
concentration of transcriptional/translational maehy may favor expression in
hepatocytes.

These experiments have proven to be useful in aptigluciferase expression in
skeletal muscle, as well as optimizing the bioluesitent detection. The protocols for
IM-EP dosing and subsequent BLI will be applieduture studies of non-viral gene
delivery systems tested in this target tissue. @b&ng procedure is relatively simple
and has the advantage of yielding observable lkasteexpression for an extended time

course.
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CHAPTER 4
POTENCY OF SIRNA VERSUS SHRNA MEDIATED KNOCKDOWN
IN VIVO

Abstract

The intracellular delivery of sSiRNA is a therapeuwtirategy to transiently block
gene expression. Two silencing RNA strategiesaatiéither synthetic double stranded
RNA or pDNA encoding a short hairpin RNA (shRNA).the present study, we have
guantitatively compared the potency of siRNA (siLpand shRNA (pShagLuc)
mediated knockdown of luciferase expression in wsimg HD dosing and BLI.
Following HD coadministration of siLucl or pShaglwith a plasmid encoding
luciferase (pGL3), mice were analyzed for transgex@ession by BLI. The knockdown
of luciferase expression by siLucl or pShaglLuc alaserved at 3 hrs and persisted for 3
days. The potency of siLucl and pShagLuc was etgnvavith maximal effect at 10 pug
coadministered with 1 pg of pGL3 resulting in >8&Bwckdown. Combined dosing of
siLucl and pShagLuc (5 pg each) with 1 pg of pGdsditted in >99% knockdown.
Analysis of the data established that ShRNA wasiogintly more potent than siRNA at
mediating knockdown when compared on a mol basis.cbmbination of HD dosing
and BLI to measure siRNA or shRNA mediated knockd@ivluciferase provide an

attractive in vivo quantitative method to test fatations that target the liver.
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Introduction

siRNA is an important method for transiently blagkiprotein expression
achieved by loading the RNA interference silena@ogplex (RISC) with a short single
stranded antisense RNA that is complementary aoget mRNA 132 This is most
commonly achieved by delivery of a synthetic dowttanded RNA targeted against a
specific mMRNA encoding the protein of inter@stis also possible to produce dsRNA by
delivery of a pDNA encoding a shRNA, that upon @gsion, produces a substrate for
the endogenous endonuclease dicer that generat@dtmer nucleotide siRNA.

The successful delivery of siRNA or shRNA to speaiklls in animals will
require unique considerations and stratetf&s*Plasmids expressing shRNA must be
delivered to the nucleus and undergo transcrigbgeroduce an RNA hairpin substrate
for dicer, whereas synthetic SiRNA delivered to ¢lggosol can directly combine with
RISC. Even though plasmids expressing shRNA hawelidadvantage that they must
overcome delivery to the nucleus, they also hageattvantage that they can be amplified
by transcription, whereas siRNA is not amplifiettacellularly. Furthermore, compared
to plasmid DNA, siRNA is more susceptible to inetglar metabolism. Based on these
considerations, it is likely that sSiRNA and shRN@sgess different potency as well as
onset and duration.

Numerous studies have demonstrated the applicafisfRNA and shRNA to
block protein expression in vitro and in vivo reig in a specific biological resutt>**2
However, only a few studies to date have direabijmpared the potency of siRNA and
shRNA mediated knockdown in vivé****One of the earliest studies demonstrated the
use of BLI to monitor the knockdown of coadministsiRNA or shRNA and a plasmid
(pGL3) expressing luciferasé® The results established a significant (>80%) kdogkn
of luciferase expression after 72 hrs when hydradyic dosing 4@g of SiRNA with 2
ug of pGL3. Likewise, under the same conditiongu®f ShRNA resulted in >95%

luciferase knockdown when coadministered hydrodyoalhy with 2 ug of pGL3. More
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recently, Davis and coworkéf$ have analyzed the kinetics of luciferase knockdown
following HD dosing with siRNA, suggesting the dtioa of knockdown is over a 2
weeks period.

In the present study, we have quantitatively aredylmciferase knockdown
following coadministration of pGL3 and either siRMAShRNA. To validate the BLI
approach, we have measured the degree of lucifergsession knockdown in liver as a
function of time and dose of pGL3 and siRNA or siiRNhe results establish HD
dosing and BLI as a rapid quantitative method t@#tigate SIRNA and shRNA
mediated knockdown in the liver. This study expamaprevious work>**py
addressing the time course of action, dose—-respufriseth pShagLuc and siLucl and the
use of combination dosing.

The following experiments were completed in collation with Dr. Marie

McAnuff.

Materials and Methods

Mammalian cells (HepG2, CHO, and 3T3) were obthiinem the Center for
Gene Therapy of Cystic Fibrosis (University of Igu@wva City, 1A). Dubelco modified
Eagles medium (DMEM), modified Eagles medium (MEMams-F12, PBS (without
cd*/Mg?", sodium pyruvate, penicillin/streptomycin, anchimactivated fetal bovine
serum (FBS) were purchased from Invitrogen LifeAregogies, Inc. (Carlsbad, CA).
pGL3 Control, a 5.3 kb luciferase plasmid contagenSV40 promoter and enhancer was
obtained from Promega (Madison, WI). pShagLucaspid containing a U6 promoter
which is transcribed by RNA Pol lll, expressingarpin sSiRNA complimentary to
luciferase was a kind gift from Dr. Mark Kay (Stard University, CA)}* Each plasmid
was amplified in DH& strain ofE. coliand purified on an endotoxin-free Qiagen
megaprep column (Valencia, CA) according to the ufecturer’s instructions. Firefly

luciferase Photinus pyraliy, D-luciferin and ATP were purchased from Roche
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Diagnostics Corporation (Indianapolis, IN). BCA ag&it was obtained from Pierce

Biotechnology, Inc. (Rockford, IL). SIRNAs were abted from Dharmacon (Lafayette,

CO). Male ICR mice (20-25 g) were obtained fromlafa Indianapolis, IN).

Table 4-1. Sequences for siRNA and shRNA

Name Sequence Target Sequeng¢bp)
AA
G G
pShagLu 5'-GGAUUCCAAUUCAGCGGGAGCCACCUGAU 1340-1368
3'-UUACCUAAGGUUGAGUCGCUCUCGGUGGGCUA
G C
uu
siLuct® 5-GAUUAUGUCCGGUUAUGUAUU-3' 8-26
3'-UUCUAAUACAGGCCAAUACAU-5'
siLuc? 5-GAUUCCAAUUCAGCGGGAGUU-3' 1348-1366
3'-UUCUAAGGUUGAGUCGCUCUC-5'
siControf 5-UUCUCCGAACGUGUAUCACGUUU-3' Nontarget
3'UUAAGAGGCUUGCACAUAGUGCA-5'
#Target sequence on luciferase MRNA
bSequence generated by transcription of pShagLuc
“Sequence is 5' phosphorylated

In Vitro Transfections
CHO cells and 3T3 fibroblasts were maintained in EMIsupplemented with
10% FBS and 100 U/ml penicillin/streptomycin af &7in a humidified incubator
containing 5% CQ HepG2 cells were maintained in DMEM supplementéd 50%
Hams F-12, 10% FBS and 250 U/ml penicillin/strepgom. Cells were trypsinized and
seeded in six-well plates (5x2L6ells/well in 2 ml of transfection media) 24 hesdre

transfection. Cells were co-transfected with pGhd8 aynthetic siRNA or vector-
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expressed shRNA using CWIC as the condensing agéfit CWK,,C condensates were
prepared in 5 mM Hepes buffered mannitol (pH 7yatding 331g pDNA or siRNA
(330 ml) to 13.2 nmol of CWKC (330 ml) followed by a 30 min incubation at room
temperature. DNA condensates (200 ml/well) wereeddd 50—70% confluent cells
followed by 2 ml transfection media.

After 24 hrs, cells were washed twice with 2 mlag-cold PBS (C&- and Md*-
free) and then treated with 0.5 ml of lysis buff2s mM Tris-chloride, pH 7.8, 1 mM
EDTA, 8 mM magnesium chloride, 1% Triton X-100) fid min at 4 C. The cell lysates
were scraped, transferred to 1.5-ml microcentrifiudpes, and centrifuged for 7 min at
13000 xg at 4 C to pellet cell debris. Luciferase RLUs were meed by a Lumat LB
9501 (Berthold Systems, Bad Wildbad, Germany) W@lsec integration after automatic
injection of 100 ml of 0.5 mMb-luciferin. The RLUs were converted to pg using a
standard curve generated by adding a known amdumtiterase to 35-mm wells
containing 50% confluent HepG2 cells. The resulstapdard curve had an average
slope of 1.46 x 1brelative light units/pg enzyme . Protein concetitres were measured
by BCA assay using bovine serum albumin as a stedn@&e amount of luciferase
recovered in each sample was normalized to milingraf protein and reported as the

mean and standard deviation obtained from tripdi¢etnsfections.

Hydrodynamic Dosing and Bioluminescent Imaging
pGL3 was combined with either siLucl, pShagLuamirrelevant plasmid
(PSEAP) then diluted with normal saline to voluneeresponding to 9 wt/vol% of the
mouse’s body weight (1.8-2.25 ml). The oligonud®tose was administered by tail
vein to triplicate mice in 5 s according to a pabéd procedur®:®° At times ranging
from 3 to 72 hrs, mice were dosed IP withi®f D-luciferin (30 mg/ml in phosphate-
buffered saline), anesthetized by 3% isofluorand,a 4 min following the IP dose Df

luciferin were imaged for bioluminescence on anSVWinaging 200 Series (Xenogen,
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Hopkinton, MA). BLI was performed in a light-tighhamber on a temperature-
controlled, adjustable stage while isofluorane a@sinistered by a gas manifold at a
flow rate of 2%. Images were acquired at a “medilimning level and a 20 cm field of
view. Acquisition times were varied (1 s—1 min) deging on the intensity of the
luminescence. The Xenogen system reported biolisueree as
photons/sec/cm2/steradian in a 2.86 cm diametevmey interest covering the liver. The
integration area transformed to picograms of luage in the liver via standard curve
reported previousl§® The results were determined to be statisticafipificant (p<0.05)
based on analysis on a one-way ANOVA followed mpaparametric Mann—Whitney

analysis.

Results

siLucl, siLuc2, and pShaglLuc were compared for RiNéncing potency to
knockdown pGL3 mediated luciferase expressiontim\and in vivo. pShagLuc contains
a U6 promoter which is transcribed by RNA Pol dligroduce a 29-mer nucleotide
hairpin RNA complementary to 1340-1368 bp in theferase mRNA target sequence
(Table 4-1). Likewise, siLuc? is a synthetic dsRRE-mer directed against 1348-1368
bp, a sequence coincident with the target of pSheghlternatively, siLucl is a dsSRNA
21-mer complimentary with 8-29 bp in the targetusgge.

We initially screened the ability of pShagLuc, sillyand siLuc2 to mediate
luciferase knockdown in vitro. Despite the fact thate of delivery was different, the
analysis of siLucl, siLuc2, and pShagLuc in vitHowed for a comparison of potency
prior to a similar in vivo comparison. Peptide-DNAndensates were prepared using a
polymerizable peptide (CWKC) that has been reported previously. Peptide DNNYR
co-condensates (@) were prepared and transfected into HepG2, CHO 333 cells
and the luciferase expression was measured afters24n each case, ) of pGL3 was

mixed with 5ug of either pSEAP (irrelevant plasmid), pShagLuicusl, siLuc2, or
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sicontrol RNA prior to condensation with CWIC. The results illustrated in Figure 4-1

indicate that each cell type is transfected toffemint degree by pGL3 condensed with

66%
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Figure 4-1.Comparison of sShRNA and siRNA mediated knockdovurtitérase in vitro
HepG2, CHO, and 3T3 cells were transfected initgpé with 5 pg of pGL3
combined with either 5 pg of pSEAP (control), pShag siLucl, siLuc2, or
sicontrol, condensed with 4 nmol of CWK. The luciferase expression was
measured after 24 h as described in the text. @hdts indicate, a statistically
significant knockdown (p0.05) for pShagLuc and sil éut not for siLuc2 or
sicontrol. * p_<0.05 relative to pGL3+pSEAP.

CWK;7C. The degree of knockdown mediated by co-admatisin of pShaglLuc was

comparable to that mediated by siLucl and siLuddepG2 cells. However, siLuc2
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failed to mediate significant knockdown in CHO &1 cells. As anticipated, co-

administration of pGL3 and sicontrol RNA failedknockdown luciferase
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Figure 4-2 Comparison of shRNA and siRNA mediated knockdovwrtitérase in vivo
Triplicate mice were HD dosed with 0.1 pg of pGldnbined with either 0.1
png of pSEAP (control), pShagLuc, siLucl, siLuc2simontrol. The luciferase
expression was measured using BLI at times ranfgomg 1 to 24 hrs. The
results indicated a statistically significant (o85) knockdown at 6-12 hrs for
pShaglLuc and siLucl relative to pGL3 combined \WBEAP, siLuc2, or
sicontrol. *p_<0.05 relative to pGL3+pSEAP.
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in each cell line. The degree of knockdown medidtediLucl in each cell line was 60—
70% and was statistically significant compareddntmls. These studies established that
siLuc2 was significantly less potent than pShagldespite the fact that they both target
overlapping regions of the luciferase mRNA, whergascl possessed comparable

potency as pShagLuc.
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Figure 4-3.In vivo dose—response comparison of siRNA and shildAonstant dose of
pGL3 Triplicate mice were HD dosed with 1 pg of pGl®iaither 0.1, 1, or
10 pg of pShagLuc, siLucl, or sicontrol. The lu@fe expression was
measured by BLI at 24 hrs after injection. The ltssestablish statistically
significant knockdown for pShagLuc and siLucl abae of 1 and 10 pug . *p
< 0.05 relative to pGL3+pSEAP.
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We next compared siLucl, siLuc2, and pShagLuc nedienockdown of pGL3
in mice. To accomplish this, mixtures of pGL3 aftter siLucl, siLuc2, or pShagLuc
were prepared, then hydrodynamically dosed initd@pé mice"*° followed by measuring
luciferase by quantitative BLI as described preslgi® Hydrodynamic dosing of 0,ig
of pGL3, dose-normalized with either Qug of pSEAP (irrelevant plasmid) or sicontrol,
resulted in luciferase expression detectable bydléarly as 1 hr post-injection. The
luciferase expression increased 100-fold resultint®® intensity units (1 ng of
luciferase) expressed in the liver at 12 hrs (Fegin2).

Co-administration of pGL3 (0.1g) with either pShagLuc, or siLucl resulted in a
knockdown of luciferase expression relative to omlstat times ranging from 1 to 24 h
(Figure 4-2). The decrease was not statisticafjgiicant at 1 hr but was found to be
significant (p<0.05) at 3—12 hrs. The degree of knockdown mediayesiLucl (58—85%)
was similar to that determined during in vitro sasd Likewise, pShagLuc and siLucl
both produced a comparable degree of knockdowarhg & 3 hrs post-injection,
suggesting that expression of the pShagLuc haapththe action of dicer was not rate
limiting. Equivalent dosing studies with siLuc?2 iodted that it was completely inactive
at mediating knockdown in vivo (Figure 4-2). Basedthese results, further in vivo
studies utilized the more potent siLucl and pShaghucomparison.

The dose of siLucl or pShagLuc was varied overfd@D{0.1-10ug) against a
fixed dose of pGL3 of 1ig. When 1ug of pGL3 was co-administered with Qug of
siLucl or pShagLuc, the luciferase knockdown wassignificant relative to control
(Figure 4-3). Alternatively, when (g of pGL3 was co-administered with either i of
siLucl or pShagLuc the luciferase knockdown was¥%8Bigure 4-3). The codelivery of
pGL3 and either siLucl or pShagLuc to the sametbepte in the liver is a prerequisite
to observing knockdown and has been noted prewi@sspossibly limiting the utility of
HD dosing as a means to deliver siRNA. The codgliil®more assured when

transfecting fewer cells in vitro (80with much larger doses (1@, 10 plasmids) of
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co-condensed pGL3/pShagLuc particles. However, wi2mosing, the number of
hepatocytes in the liver is larger 1@nd the pGL3 (1ig, 10" molecules) and pShagLuc
doses (1Qug, 10 molecules) are comparable, making it less likeht the same

hepatocyte will take up both pGL3 and pShagLuc.

1 pGL3+pSEAP
PGL 3 + pShagL uc
100 4 KN\N pGL3+§Luc1 10

— I pGL 3 + sicontrol

% ;
- _

; = i
8o - 100 B
c i
e} c
B 0,
® T

Q i

° 10 -1 2
8 Q
= *

E * N *

2 ) %‘

o 107 1 % -1

10°
0.11 1.1 11

Total dose (ug)

Figure 4-4.1n vivo dose—response comparison of pGL3:SIRNAmHIA3:sShRNA
Triplicate mice were HD dosed with increasing antewf pGL3 (0.01, 0.1,
and 1 pg) while keeping the weight ratio of pGLSEAP, pGL3:siRNA or
pGL3:shRNA constant at 1:10, resulting in a toadelof 0.11, 1.1, or 11 pg
of oligonucleotide. The luciferase expression wasasured by BLI at 24 hrs.
The results establish a statistically significamb&kdown for pShaglLuc and
siLucl relative to control. *p €.05 relative to pGL3+pSEAP.
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To examine this in more detail, the total dose®Lp plus siLucl or pShagLuc
was varied from 0.11 to Lig while keeping the weight ratio of pGL3:SIRNA ¢/RNA
constant at 1:10 (Figure 4-4). At the lowest dds@.bl g (0.01pg of pGL3 plus 0.1g
of siLucl), the observed knockdown at 24 hrs w&% .92 contrast, 0.0kg of pGL3
plus 0.1ug of pShagLuc resulted in only 50% knockdown (Fegdy. At higher total
doses of 1.11g and 11ug , the knockdown was >87% for both siLucl and pg&hba
(Figure 4-4).

These results establish that the degree of knockdewensitive to total dose.
When dosed in mice, pShagLuc reached a limitingkdown potency at 0.4g , or 16*
molecules. In contrast, an equivalent dose ofi@.df siLucl, or approximately 10
molecules, remained fully potent suggesting thaeay low doses siLucl may have a
potency advantage over pShagLuc.

We next determined if siLucl and pShagLuc couldsginergistically to improve
the degree of knockdown. Following HD dosing, theferase expression of pGL3
reached maximal expression at 12—24 hrs and theneaed by nearly 10-fold each 24
hr period for 3 days. Wheng of siLucl and pShagLuc were combined witiglof
pGL3, the degree of knockdown was 99% at 24 anlrd8and 96% at 72 hrs (Figure 4-
5). These results establish that siLucl and pShagttisynergistically and that a
combination dose of pg of each results in a 10-fold greater knockdovanth single 10

ug dose of either used alone.

Discussion
RNA interference is rapidly becoming an importararizh of gene therapy since
it allows for the selective, transient knockdowrpedtein expressiott'**?The efficient
delivery of siRNA in vivo is still a major bottlenk for the eventual development of

therapeutics.
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HD dosing of pDNA is a well established methodifdgroduction and expression
of DNA in hepatocytes in micg:®° A variety of transgenes have been delivered via HD
dosing resulting in a therapeutic level (mg peef)wof protein expression when
delivering approximately fg of plasmid DNAS?4"1*}ydrodynamic dosing of pGL3 in
combination with BLI has resulted in a rapid anduofitative technique to benchmark

liver expressiof®
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Figure 4-5.Synergistic effect of SIRNA and shRNA in viMiplicate mice HD dosed with
0.1 pg of pGL3 and either 1 ug of pSEAP, pShagkilajcl, sicontrol, or 0.5
g of pShagLuc and siLucl. The results demons#ratatistically significant
synergistic effect for the combined dose siLucl p8tagLuc in vivo. *p <
0.05 relative to pGL3+pSEAP and <05 relative to pGL3+pShagLuc.
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In the present study, we have extrapolated thisnigce to quantitatively
measure luciferase knockdown and compare the pptd#rgiRNA and plasmid-born
shRNA. A direct comparison of siLuc2 and pShaglinayhich both were directed at the
same sequence within luciferase mMRNA, was not plessince both in vitro and in vivo
studies revealed that siLuc?2 failed to produce kdown at doses in which pShagLuc’s
knockdown efficiency was 80%. Consequently, siLuak used since it produced a
similar degree of knockdown as pShagLuc when doseah equal weight basis. It
should be noted however, that the dose neededtevacknockdown of a plasmid-
expressed reporter gene such as luciferase walyie different than that needed to
achieve the same affect on an endogenous gene.

An advantage of using synthetic siRNA versus pldsbased shRNA is the
ability to prepare synthetically modified sSiRNA pessing greater metabolic stability.
Furthermore, siRNA delivery to the cytosol shoudddasier to achieve compared to
ShRNA which must enter the nucleus and undergsdtrgstion. However, the shRNA
hairpin has been established as a better sub&tradecer and displays improved RISC
loading™*®*°

Despite these potential advantages, when deliveydcbdynamically, pShagLuc
appears to be much more potent than siLucl or gilAkthough, siLucl and pShaglLuc
possess similar potency when compared on a weaghs lthe molecular weight of
pShagLuc (5 kbp) is approximately 250 times grettan siLucl. Thereby, 250 times
fewer moles of pShagLuc results in the same degfrkerockdown in vivo relative to
siLucl.

This difference in potency could result from leffgcent delivery of siRNA to
the cytosol compared with shRNA delivery to thelaus. However, the delivery of
ShRNA to the nucleus appears to occur within ttreesame frame as siRNA delivery to
the cytosol since the knockdown mediated by silared pShagLuc both occur within 3

hrs of dosing (Figure 4-2). There was also no $icamt difference in the time course of
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knockdown for siLucl and pShagLuc (Figure 4-5),gasgging that loading of RISC
following HD dosing is sufficient to sustain knoakan for 3 days.

The magnitude of knockdown mediated by siLucl a8dgglLuc was dose-
dependent, with a 10y dose achieving approximately 80% knockdown. Basethe
finding that siLucl and pShagLuc are nearly eq@pbbn a weight basis, but that
pShaglLuc is more potent on a per mole basis, wethggize that a significant amount of
siLucl is lost to premature metabolism following ldBsing or that endogenously
generated siRNA is more efficiently loaded into RIS

The increased knockdown when co-administering silard pShaglLuc
establishes that simultaneously targeting diffeseguences within the luciferase mRNA
is an important strategy to increase potency acdedse dose (Figure 4-5). This finding
also suggests that either siLucl or pShagLuc ialdapof co-internalizing in the same
hepatocyte with pGL3 in mice.

The results of this study establish both the magleitand precision of knockdown
at a given dose of siRNA or pShagLuc using hydradyic dosing. With this
understanding, BLI can be adapted to provide alrgpantitative screen for different
SiRNA or shRNA formulations in an attempt to acl@esimilar or improved knockdown

without the use of HD dosing.
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CHAPTER 5
TOWARD THE ENHANCEMENT OF NON-VIRAL GENE DELIVERY
BY THE COVALENT INCORPORATION OF A NUCLEAR
LOCALIZING SEQUENCE

Abstract

A major barrier to achieving efficient non-viralrgedelivery is targeting DNA to
the nucleus. Therefore, incorporating a peptidec¢batains a known nuclear localizing
sequence (NLS) into a non-viral delivery system tagst gene expression by
facilitating nuclear trafficking. The T antigen $%40 is widely known to possess a
short, lysine-rich sequence that is sufficient &dmte nuclear localization. Nuclear
trafficking by this NLS is achieved via the nucl@are complex, which is a multimeric
protein that spans the nuclear membrane and alelestive uptake of particles. We
have synthesized and characterized a 10 amin@agittde containing the classic NLS
sequence and an N-terminal photo-label — 4-azi8b B-tetrafluorobenzoate. Flash-
photolysis forms a highly reactive intermediateled azide which subsequently makes a
covalent adduct with DNA. The photochemical labglof pGL3 by PL-NLS was
confirmed by agarose gel electrophoresis. Labedifigiency was quantitatively
determined by using a radio-iodinated NLS. The liageefficiency is a function of the
stoichiometry of peptide and pGL3 reacted. A mtbraf PL-NLS:pGL3 equalto 1 is
achieved by reacting 2 pmol of peptide pgrof pGL3. Gene transfer studies with NLS-
labeled pGL3 compared the transfection efficien@gdrated by NLS-pGL3 relative to
plasmid labeled with a control nuclear localizimgigsence (cCNLS-pGL3). In addition,
several NLS analogs were incorporated into nonHiaranulations and assayed as
discussed. In vitrgene transfer efficiency was optimized by varying tatio of PL-NLS
to pDNA in a serum-starved culture of non-prolitera NIH 3T3 fibroblasts. The NLS-

labeled pGL3 showed an increase in transgene estpnesompared to controls under
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optimized conditions. Quantitative and qualitatarelysis of the confocal microscopy
images supports the conclusion that the increagamsgene expression is the result of
increased nuclear localization of NLS-pGL3 when paned to the control peptide.
Similar gene transfer studies were performed i Wy dosing the formulations

intramuscularly and using bioluminescence imagmgdsay gene expression.

Introduction

Nuclear targeting remains a formidable barrierptirizing the efficiency of
non-viral vectors. Less than 1% of polyplexed pDi&roinjected into the cytosol
actually reaches the nuclétfs This result highlights the great potential foriacrease in
transgene expression (possibly > 100-fold) by avicad vector that can maximize
nuclear delivery. Non-viral gene transfer efficigiveould be brought into a much more
clinically acceptable range if nuclear targetinglddbe advanced by this magnitude.
Unfortunately, current synthetic methods appliaesia nuclear targeting of a non-viral
vector have been largely unsuccessful.

An amino acid sequence within the SV40 large-Tgamti¢?P-K-K-K-R-K-V 133
is well-known to be necessary and sufficient tai@ah nuclear targetifly This
polycationic sequence is the classic NLS which estmvidely used in non-viral gene
delivery systenfS. The sequence in its native form is a signal farlear targeting, but a
128 ys—Thr mutation results in cytoplasmic localizatiorioAg with the classic SV40
sequence, several NLS sequences have been idéatifteincorporated into non-viral
gene delivery systems: extended S¥4¢°2 M9™2 and bipartite NLE* among others.

An NLS-containing vector is designed to capitalimeendogenous pathways that
will enable nuclear targeting. Briefly, Importinrecognizes and binds an NLS in the
cytosol. Subsequently, Importpbinds NLS/Importine. and shuttles the complex
through the NPC. The multimeric NPC regulates rardiargeting of macromolecules to

the nucleus. Translocation is an efficient prog¢aiewing for up to 1,000 translocations
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per second), so an NLS in the architecture of avih system is designed to harness
this powerful capability®

A variety of methods have been investigated tonpo@te an NLS sequence into
a non-viral delivery system. In most approachegroved nuclear targeting of DNA is
expected to be observed indirectly by way of amgase in transgene expression. Non-
covalent strategies to incorporate NLS are consaladvantageous because they avoid
potential interruption of transcription by covalenodification of DNA. NLS has been
electrostatically bound to DNA by its inherent cait charactéf and by linking NLS to
known DNA-binding peptides or polymé?d*? Triple-helix formation between dsDNA
and an NLS-modified ssDNA oligom8? and an NLS coupled to a PNA clatffpare
additional examples of non-covalent modificatioopever, these methods target a
specific sequence of dsDNA. Covalent incorporatbhILS is potentially advantageous
because an NLS-DNA complex formed by non-covaletgractions may not remain in
tact while traversing the intracellular milieu. Gadent incorporation of NLS by way of
base modificatiotf®, chemical coupling®, or photo-chemical couplii®f has been
explored.

Our approach has been focused on photo-chemicplingibecause it affords a
synthetically straight-forward strategy as a padalid-phase peptide synthesis (SPPS)
and is universally applicable toward labeling angleotide-based cargo. These PL-NLS
peptides contain a photo-labile linker at the Nvtieius. The para-azide of 4-azido-
2,3,5,6-tetrafluorobenzoate is activated upon falsbtolysis and readily reacts with
nucleophilic functional groups on DNA via a radicairrangement mechanisth The
cationic nature of NLS seats the peptide on theranibackbone of DNA, and positions
it so that photoactivation of the N-terminal PLulkks in covalent modification of DNA.

We have synthesized and characterized a series-NLB peptides (and the
corresponding cNLS peptides). Following studieplafto-labeling efficiency, these

peptides have been tested in non-viral gene dglegperiments ranging from cell
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culture-based examination of nuclear uptake vidama microscopy to in vivo studies

monitoring bioluminescence levels upon deliveryplaismid encoding luciferase.

Materials and Methods

Synthesis of Photo-Label: 4-azido-2,3,5,6-
tetrafluorobenzoate
Methyl pentafluorobenzoate, sodium azide and magmesulfate were
purchased from Sigma-Aldrich Chemical Co. (St. IspillO). The synthesis of the
photo-label (PL) is outlined in Scheme 5-1. Brieftyethyl pentafluorobenzoate (5
mmol) and sodium azide were combined in a 1:1 b in acetone (10 ml) and
refluxed for 8 hrs. The mixture was cooled, dilutath water (15 ml) and the para-azide
product was extracted into diethyl ether. The ettweas dried with MgSg) and ether
was removed by rotary evaporation to leave a wduotiel. The resultant solid was
dissolved in 20% aqueous NaOH/water/methanol (@:bbylvolume) and stirred
overnight at room temperature. The solution wadifed to pH 1 with 2 N HCI and
extracted into methylenechloride. The extract wgaradried with MgS@and rotary
evaporation. The white solid was purified by retaization in hexane/ethyl acetate

(10:1).

F F F
F a Ny F b Na F
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F O F © F O

1 2 3

Scheme 5-19ynthesis of 4-azido-2,3,5,6-tetrafluorobenzoate. Reagents and conditions:
(a) NaN;, acetone, reflux; (b) NaOH, methanol, water, rdemperature.
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Figure 5-1PL-NLSand PL-cNLS. Peptides contain the classic SV40 sequence @nd a
Gly linker between the N-terminus of the NLS ane finoto-label.

Solid-Phase Peptide Synthesis of PL-NLS

N-terminal protected Fmoc amino acids, substitWi&ahg resin for peptide
synthesis, 1-hydroxybenzotriazole (HOBt) and direpylcarbodiimide (DIC) were
purchased from Advanced Automated Peptide Proteahifologies (formerly known as
Advanced ChemTech, Louisville, KY). N-methyl pyichhone, trifluoroacetic acid
(TFA), acetic acid anhydride, acetonitrile, pip@eiand diethylether were purchased
from Fisher Scientific (Pittsburgh, PA). Diisoprdethylamine was purchased from
Sigma-Aldrich Chemical Co. (St. Louis, MO).

NLS peptides with an N-terminal PL were synthesiaedunctionalized Wang

resin for solid-phase peptide synthesis (Schemp BH2 resin was substituted for a 30
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Figure 5-2NLSanalogs. single amino acid linkers. Peptides all contain the classic SV40
NLS sequence or the Thr-containing cNLS. Peptidediiaked to the photo-
label by a single amino acid (Gly, Lys or Pro).
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umol synthesis with the C-terminal amino acid inli€B1OBt coupling reaction. SPPS

of all PL-peptides is described here in generahsePeptide synthesis was carried out on
an Apex 396 from AAPPTec using DIC/HOBt and thermorcid monomer in 5-fold

mol excess with double-couplings on aj3fiol scale. The N-terminus of a resin-linked

peptide was coupled to PL over 4 hours in DMF With DIC and HOBt present in 6-

g
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FoQ N\J N, NH T/NHZ
N\J NH
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PL-6Gly-NLS
N
o o j/ "

Figure 5-3NLSanalogs. 6 amino acid linkers for NLS-containing peptides. Peptides all
contain the classic SV40 NLS sequence and areditdk¢he N-terminal
photo-label by 6 amino acids (Gly, Lys or Pro).
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fold mol excess relative to the substitution of tesin. Following synthesis, the peptide
was deprotected and cleaved from the resin in thgemce of 95% TFA. The above
described conditions werer used to synthesizeltssic PL-NLS and PL-cNLS (Figure
5-1), single amino acid linker PL-NLS and PL-cNLBSdure 5-2), 6 amino acid linker
PL-NLS (Figure 5-3) and PL-cNLS (Figure 5-4) pep8dExtSV40 analogs (Figure 5-5)
and PL-NLS-Y (Figure 5-6).
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o S o = o = 0
N , \ \ \
H, NH, NH,
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PL-6Lys-cNLS

NH

S

Figure 5-4NLSanalogs. 6 amino acid linkers for cNLS peptides. Peptides contain the
control SV40 NLS sequence (cNLS) and are linketthéoN-terminal photo-
label by 6 amino acids (Gly, Lys or Pro).
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The peptide was precipitated in ice cold diethigeet freeze-dried, and
reconstituted in 0.1% TFA in water (v/v) as a cradi&ture. The peptide was purified to
homogeneity on RP-HPLC by injection onto a Vydag $&mipreparative column and
eluted at 10 ml/min with 0.1% TFA and a gradienaoétonitrile over 30 min while
monitoring PL-absorbance at 258 nm. (See Tabldd-4pecific elution gradients for
each peptide.) The peptides were collected usiregugzmated fraction collector from

ISCO (Lincoln, NE). The major peak of each peptiaes collected and pooled from

2.5 equiv. HOBE, 2.5 equiv. DIC, (e}

Fmoc-HN.__CO,H 0.1 equiv. DMAP Fmoc-HN.__C.
MO HOHZCOO—CHZQ—O = FMOCANCo_cn,-Q
R 9:1 v/iv DCM/DMF R

o o 0 5 equiv. HOBL,
Fmoc-HN.__C+ 25% Piperidine N __c. Fmoc-HN.__CO,H 5 equiv. DIC
7 0-cH,AQ v 7 0-CHAD + - v -
R R R
n
9 /F'i\ H 9 9 /F'Q\ H 9 6 equiv. HOBL, 6 equiv. DIC,
Fmoc-HN.__C N._C. 25% Piperidine N ¢ N_ _C. 6 equiv. PL
TN e Y omeH @ = T T e Y o—cH,Q
R o R R O R DMF
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Scheme 5-2%0lid-phase peptide synthesis of PL-peptides. PL-NLS peptides were
synthesized on Wang resin according to standarcchraptide chemistry
protocol. The final coupling on solid-support irdteed PL at the N-terminus
of the peptide chain. The peptides were cleavedsatedchain deprotected in
95% TFA (water).
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several runs, concentrated by rotary evaporatiod |ygophilized. The purified peptide
was reconstituted in 0.1% TFA and quantified byaPkorbances(= 14,951 M'cm* at
258 nm).

The peptide was characterized on an Agilent 110ESTion trap by injecting 2
nmol onto a Vydac ¢ analytical column and eluted at 0.7 ml/min with%. TFA in
water (v/v) and a gradient of acetonitrile overm3id. The RP-HPLC eluent was directly
infused into the electrospray ionization source myass spectral data was obtained in the

positive mode.

Photo-Flashing and pDNA Labeling with PL-Peptides

pGL3 Control plasmid (5.3 kbp) was purchased fraonkega (Madison, WI).
(pGL3 Control plasmid will henceforth be designassd’pGL3 (+/+)” as it contains both
the SV40 promoter and enhancer elements). Endcfoegnpurification from
Escherichia coli was achieved via ion-exchange chromatography@ragen (Valencia,
CA) giga column according to the manufacturer’sringions. PL-peptides were
obtained by SPPS, as described above. Agarosewesgsed from Gibco-BRL
(Madison, WI). Ethidium bromide solution (10 mg/mias obtained from Bio-Rad
(Hercules, CA).

¢ Defined for PL at 258 nm

Varying amounts of PL (2.5, 10, 15 and 25 mg) whhated into 1 ml of 0.1%
TFA in triplicate. This corresponded to a concetiraof PL ranging from 1.06 x 10~
1.06 x 10* M. These dilutions were measured for UV absorba@58 nm (path length
is 1 cm) and plotted as absorbance intensity (aptiensity) versus PL concentration.
The slope of the linear regression line represer@snolar absorptivity for the molecule

(M tem™).
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Figure 5-5Extended Sv40 NLS analogs. Peptides contain the classic SV40 NLS (left) or
cNLS (right). The native sequence of the antigesxiended at the N-
terminus to include key Ser residues that are gimrgtatable and function in
nuclear localization.
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Photo-Degradation of PL-NLS UV Absorbance at 258 nm

An aligot of PL-NLS was diluted with 5 mM Hepes tgpl ml. The final
concentration of PL-NLS was 77.8 nmol/ml. The samphs held in a 1.5 ml
polypropylene microfuge vial at 2 cm from a singleto-flash. The UV absorbance at
258 nm was measured prior to photo-flashing. Suleseity, absorbance measurements

were made at 5-flash intervals up to 85 flashes.

Photo-Labeling

pGL3 (+/+) was diluted to 0.4g/ul in 5 mM Hepes buffer (pH 7.4; 0.3an-
filtered). Stock dilutions of PL-NLS were seriatijluted to 1,000, 100, 10, 1 and
0.1 pmol of peptided of 5 mM Hepes. An aliquot of pGL3 (+/+) (contaugi the desired
amount of plasmid for the photo-labeling reactiaas added dropwise to an equal
volume of peptide (containing the amount requiedchieve the desired photo-labeling
stoichiometry) contained in a 5@0polypropylene microcentrifuge vial. Samples were
lightly vortexed and incubated at room temperataret0 min. Covalent labeling was
induced by an original photo-flashing apparatusciviié comprised of a single camera
flash controlled by a manually operated switch. $amples were subjected to 40 flashes
when held at a distance of 2 cm from the flashamuBamples were further incubated for

30 min at room temperature prior to additional fatation methods being applied.

Agarose Gel Electrophoresis

Agarose gel electrophoresis of pGL3(+/+) covaletdgbeled by PL-peptides was
carried out on a 1% agarose gel — 500 mg of agatigselved in 50 ml of TBE buffer
(2100 mM Trizma Base, 90 mM boric acid, 1 mM EDTA{ B.0). 2ul of ethidium
bromide (10 mg/ml) was added to the agarose solatnal mixed briefly. The gel was
cast to contain 8 x 3@ wells and was bathed in 300 ml of TBE buffer innMSub Cell
GT (Bio-Rad). The Bio-Rad PowerPac 200 inducedtedpboretic movement of pDNA

toward the cathode with a field of 80 V applied 0¥8 min.
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Aliquots of NLS-pDNA that contained 500 ng of pladn{0.2 ug/ul) were
obtained from the above-described photo-labeletpteanThey were combined withub
of the 6x loading dye and TE buffer (10 mM Tris-KHICImM EDTA, pH 8.0) was added
up to 30ul. The total volume for each sample was loaded anteell of the 1% agarose
gel.

A transilluminator (UVP, Upland, CA) was used tcaige the pGL3 banding
pattern as represented by the fluorescence otaitded ethidium bromide. Images of
gels were acquired on Polaroid 661 Black & Whitstamt Pack film by a hooded photo-

documentation camera (Fischer Biotech, Pittsbupgt),

Band-Shift Induced by PL-NLS Labeling

pGL3 (+/+) was labeled by PL-NLS at 100 and 1,06®jug. These
formulations were compared to unlabeled plasmidaandn-flashed sample of pGL3
(+/+) in the presence of 100 or 1,000 pmol of PLSlg. 500 ng of pGL3 (+/+) was
loaded onto a 1% agarose gel as described aboeayélfwas run at 80 V for 70 min
which allowed for qualitative assessment of phaimeling observed by band-shift

retardation.

Agarose Gel Band-Shift Induced by Variable Linkér P
NLS Peptides

All 12 peptides included in the series of varidibl&er PL-NLS/cNLS peptides
(Figure 5-2 to 5-4) were diluted such that thetreteship to pGL3 (+/+) (0.4ig /ul in 35
ul of 5 mM Hepes) was 1.0 nmol of peptidg/of plasmid and the final concentration of
pGL3 (+/+) in the labeling reaction was @@/ul. A 500 ng aliquot was removed from
each peptide-pDNA dilution, and the remainder wastp-flashed. For each peptide, 500
ng of non-flashed aliquot was compared to 500 nghotto-flashed aliquot by agarose gel

electrophoresis. The flashed versus non-flashegaason for the 6-Lys (PL-6Lys-NLS
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and PL-6Lys-cNLS) peptides was inconclusive, sb@@degradation profile was

generated for each, as described above.

Particle-Size Analysis

pGL3 (+/+) labeled with PL-peptides was condensg@IBl for the purpose of in
vitro transfection. Prior to transfection, the stfe¢he nanoparticles was assessed by
dynamic light-scattering. An amount of i of plasmid in 1 ml was required to make
reliable particle-size measurement via the ZetaFBUC, Holtsville, NY). Briefly, pGL3
was labeled with varying amounts of PL-NLS (0.2,®@.3, 0.4, 0.8 and 1.0 nmgady) as
described above. 503 of peptide-labeled pGL3 (+/+) was diluted witm® Hepes to
500l (0.1 ug pGL34u). Likewise, PEI was diluted up to 5@0. The amount of PEI in
the dilution was dependent on the desired charye (@8 ug of PEI per 325g of pDNA
corresponds to an R-NHPO4R, of 1.0). pGL3 (+/+) was added dropwise to PEI whil
vortexing, and samples were incubated at room testyore for 30 min. The average
diameter and the distribution width (polydisperkityere measured using the Zeta-Plus

(BIC, Holtsville, NY).

lodination of PL-NLS-Y and Quantitative Photo-Laibel
Efficiency
TFA and acetonitrile were purchased from Fishee&dic (Pittsburgh, PA).
Sephadex G-10, chloramine T, and sodium metaliswifere purchased from Sigma-
Aldrich Chemical Co. N¥” (2 mCi in 0.1 M sodium hydroxide) was obtainedrfr MP
Biomedicals, Inc. (Irvine, CA). Phosphate-buffesadine (Mg'-free and C&-free) was
purchased from Gibco-Invitrogen (Madison, WI). M@lkdan Gg cartridges were
purchased from Alltech (Deerfield, IL). Zeta-prdiietting membranes were obtained

from Bio-Rad.
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lodination of PL-NLS-Y

The tyrosine-containing analog of PL-NLS (Figuré)5~as synthesized as
described previously on a tyrosine-functionalizedny resin. lodination of PL-NLS-Y
was based on modifications to the chloramine T oefirst described by Greenwo3d
2 nmol of PL-NLS-Y was freeze-dried and reconsgitLin 60ul of 0.5M phosphate
buffer (pH 7.0). The peptide was contained in drartseptum-capped glass vial. @5
Na?3 (0.5 mCi) was added to the peptide followed byiP6hloramine T (10 mM in
phosphate buffer) and reacted for 3 min. The reaatias quenched by adding @I0of
sodium metabisulfite (10 mM in above-described phase buffer).

NH

PL-NLS-Y
M{ Ng et S
DD CF

Figure 5-6 PL-NLSY. The PL-NLS peptide was synthesized with a C-teainTyr to
allow for radio-iodination by the Greenwood method.

OH

Gel-Filtration and Thin-Layer Chromatography of

PL-NLS-Y**%

Immediately following the iodination, the reactionixture was transferred to a
Sephadex G-10 column (0.8 x 25 cm), and eluted phtbsphate-buffered saline (PBS).
Column eluent was collected in 0.5 ml fractionse Pinesence of the iodinated peptide
was detected using a survey meter (Ludlum, SweetwaK) and compared to the
expected peptide elution profile previously defimath the unlabeled PL-NLS-Y.

Radioactivity of the collected fractions was analyby the Gamma Trac gamma counter



91

(Tm Analytic, Tampa, FL). Fractions correspondiadtte iodinated peptide were pooled
and transferred to a lead pig (MP Biomedical) torage at 2C. The purity of the
peptide was analyzed by spottingl5>10,000 cpm) at the origin of a TLC plate which
was then developed with 90% acetic acid as the lmphiase. Quantitative densitometry
was performed on a Phosphorimager (Molecular Dyngn8unnyvale, CA) following
overnight autoradiographic exposure. Image-Qualtivace (Molecular Dynamics,
Sunnyvale, CA) was used to integrate the densitgmietce. The specific activity of the
sample was calculated to be 57, &i/nmol.

Prior to iodination, the column was calibrated hytiag non-iodinated PL-NLS-
Y under the same conditions as described for ttimabed sample. Elution of the peptide
was monitored by UV absorbance at 258 nm. In adldiglution of Nal was monitored

by UV absorbance at 240 nm.

Solid-Phase Purification of PL-NLS-¥

Following iodination and gel filtration of the tygime-containing peptide, a solid-
phase purification strategy was employed to furtheify and remove fre¥2" from the
sample. Briefly, the syringe-driven, Maxi-CleapgCartridge was equilibrated by 3 ml of
0.1% TFA in water. An aliquot of radiolabeled pelgtiwas diluted up to 1 ml with 0.1%
TFA and forced into the 300 mg resin bed. Fracti@?5s ml) were collected in 1.5 ml
microcentrifuge vials and radioactivity was meaduf®5 ml of 0.1% TFA in water was
washed through the cartridge. Subsequently, PL-NL'S2 was eluted with increasing
amounts of acetonitrile in a step gradient up te4etonitrile. Peptide-containing
fractions were pooled and dried on a speed vaenmye TFA and acetonitrile. Sample

purity was determined by TLC and phosphorimageyesabs described above.

Calculating Photo-Labeling Efficiency

The tyrosine-containing PL-NLS was synthesized rauliblabeled primarily to

allow for specific quantification of the labelinffieiency. A small volume of the purified
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stock of PL-NLS-Y*?%, containing approximately 100,000 cpm, was adubeal stock
dilution of unlabeled peptide in 5 mM Hepes. Argabt of the now-radioactive peptide
dilution was combined with 3pl of pGL3 (+/+) (0.4ug of pGL3 pemnl of 5 mM Hepes)
in an equal volume. The pGL3 (+/+) aliquot was atittethe peptide dilution and lightly
vortexed. The resultant dilutions of peptide arabpiid ranged from 0.1-100 pmol of
PL-NLS-Y perug of plasmid. The samples were contained in a 1.8&cnew-top vial and
were photo-flashed (40x) to induce covalent lalgelifhe radioactivity of these samples
was verified following photo-flashing to define thngtial cpms (cpmn). All measurements
of radioactive decay were based on 1 min readirays the Gamma Trac (Tm Analytic,
Tampa, FL).

pGL3 (+/+) was precipitated by the addition of 3sbtlium acetate (0.1x volume)
and 100% ethanol (2x volume). Samples were cegegduat 12,000 g for 15 min at
4°C. The supernatant was decanted andil®® 70% ethanol in water was added to
wash the remaining pellet. Samples were againibéeygdd for 10 min under the same
conditions. Supernatant was removed, and the ¢pals (cpry of the labeled plasmid
were measured on the gamma counter.

Two control labeling experiments were performeadgsdentical aliquots of
radiolabeled peptide. The first involved a dilutisipGL3 (+/+) and PL-NLS-Y2 at
each stoichiometry described above, but the samy#es not subjected to photo-flashing
(cpmkno Fiash- This control allowed for the determination oppde that was ionically
associated with pGL3 after ethanol-precipitation it covalently bound. The second
control was PL-NLS-Y**% in the absence of pGL3. This control revealedatmount of
residual peptide that remained in the microfugéimighe absence of pGL3 (Cpf»
pbna). This control treatment was subjected to phoasHing. These control values of
radioactivity were subtracted from the final measuent of cpms to reflect the actual

radioactivity of the covalently labeled peptide (&ton 1)
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% PL-NLS Bound to pGL3= (cpm [cpm - CPpM.no ponal)/CPMy

% PL-NLS Covalently Labeled to pGL3 = % Bound —1{gRo flas/CPM)

Equation 1Calculating Photo-Labeling Efficiency.

Stability of PL-NLS-pGL3 Covalent Linkage

Stability of the covalent interaction was investeghby incubating pGL3 (+/+)
(labeled with PL-NLS-Y**3) at room temperature in either 5 mM Hepes bufiiét 7.4)
or 1 M NH,OH (pH 11.5). Plasmid was initially labeled andaetbl-precipitated as
described above. Triplicate samples were subselyuexbnstituted in either buffer.
Samples of peptide-pGL3 (+/+) were ethanol-preatpidl and reconstituted in their
respective aqueous buffers following 1, 24 and #8ircubation at room temperature.

The radioactive decay of reconstituted samplesokasrved at each time point.

Agarose Gel Electrophoresis and Autoradiography®@if3

Labeled by PL-NLS-Y**9|

Agarose gel electrophoresis of pGL3 (+/+) that wagalently labeled by PL-
NLS-Y-**3 was used as a qualitative assessment of covaledification. A small
volume of radiolabeled peptide was added to dihgiof cold peptide ranging from 1-
100 pmol of peptidgd of 5 mM Hepes. Each peptide dilution had the saméactivity
(in terms of total cpms). pGL3 (+/+) was covalen#peled with various stoichiometries
of peptide (1-100 pmol of peptidey pGL3) as described previously. A i@ aliquot of
pGL3 from each labeling reaction was loaded inteedl in the agarose gel with 10
loading dye in a total volume of 0 (diluted with TE buffer). Electrophoretic
movement of peptide-labeled pGL3 was induced b§&N field applied over 70 min.
Band migration was initially assessed by a tramsilhator image of intercalated

ethidium bromide. The gel was then dried on a gldldrier and pGL3 was trans-blotted
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onto a zeta-plus blotting membrane overnight. Raativity of pGL3 was determined by
exposing the zeta membrane to a phosphorimagesttassernight. The autoradiograph

was assessed as described previously.

Assessing Nuclear Uptake of NLS-pDNA by Confocal
Microscopy

NIH/3T3 murine fibroblasts were obtained from Theikgrsity of lowa, Gene
Therapy Core (lowa City, IA). Glass chamber slifesvells) were purchased from
LabTek (Hatfield, PA). All tissue culture supplieere obtained from Gibco — Invitrogen
Life Technologies, Inc (Carlsbad, CA). pGL3 (+/4agmid (5.3 kbp) and pGL3 Basic (-
/-) plasmid (4.8 kbp) were purchased from Prom&gadison, WI). (pGL3 Basic
plasmid will henceforth be described as “pGL3 (-&9 it lacks both the SV40 promoter
and enhancer elements.) Purification freasherichia coli was achieved via ion-
exchange chromatography on a Qiagen (Valencia,df8 column according to the
manufacturer’s instructions. Cy&belIT was purchased from Mirus Bio Corporation
(Madison, WI). High molecular weight polyethylenéma (PEI) was purchased from
Sigma-Aldrich (St. Louis, MO). Vectashiled mountimgdia (no DAPI) was purchased
from Vector Laboratories (Burlingame, CA), and TE®-3 was purchased from
Molecular Probes (Eugene, OR). Luciferase fi@mtinus pyralis and ATP were
purchased from Roche Diagnostics Corporation (Immmlis, IN). The BCA assay kit
was obtained from Pierce Biotechnology Inc. (RootfdL). D-luciferin was purchased
from Gold Biotechnology (St. Louis, MO). Peptide72das previously synthesized in the
laboratory on Wang resin using standard Fmoc pruaesdwith HOBt and DIC double-
couplings at a 3imol scale on an Apex 396 Advanced ChemTech sokd@lpeptide

synthesizer.
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Cy3- and NLS-Labeling and Transfection

A 1 ml suspension of fNIH/3T3 cells was aliquoted to each well of a 44wel
chamber slide. NIH/3T3 culture media was composdautbecco modified essential
medium (DMEM) containing 10% heat-inactivated fddal/ine serum (FBS) and
penicillin and streptomycin (100 U and 10§/ml). Cells were incubated in a 5% €0
atmosphere at 3T overnight.

pGL3 (+/+)was labeled with Cy3 according to the ofanturer’s guidelines
regarding the Labllmethod (based on DNA alkylation by cyclopropa-pigindole™?).
Cy3-pGL3 was purified by ethanol precipitation ahidited to 0.4ug pGL3fud of 5 mM
Hepes buffer (pH 7.4). Photo-labeling of Cy3-pGL&snachieved as described
previously. Briefly, Cy3-pGL3 was added dropwiseatoequal volume of PL-NLS in 5
mM Hepes buffer to achieve a photo-labeling staotetry of 1-100 pmol of peptide per
ug of pGL3. Photolysis of PL-peptides diluted with35pGL3 (+/+) was initiated using
the conventional photo-flash. Samples containgbigpropylene microcentrifuge tubes
were photo-flashed 40x and maintained at room teatpe for 30 min incubation.
Transfection of NIH/3T3 cells was carried out Wikl or an alternate DNA condensing
agent, peptide-217 (CWKC, 2589 g/mol). Polyplex formation with either pcdyion
was achieved at 0.0 pGL3fl in 5 mM Hepes buffer for 30 min at room temperatu
Prior to transfection, the culture media (10% FB&}¥ removed, and cells were washed
with 500ul PBS and bathed in 640 of 2% FBS (DMEM) transfection media. Cells in
each well were transfected with 500 ng (d0of polyplexed and photolabeled Cy3-

pGL3 (+/+). The duration of transfection was spediffor each experiment.

Confocal Microscopy Image Acquisition

At a defined time point following transfection, tbelture media was removed,
cells were washed with PBS and fixed with 4% paratddehyde (in PBS) for 10

minutes at room temperature. Cells were again whelith PBS and then permeabilized
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for 10 minutes with 0.5% Triton X-100 (in PBS). koling 2 washes with PBS, nuclei
were stained with TO-PRO-3 (Ou®1) for 5 minutes. Cells were briefly washed with
PBS and plastic wells were removed (along withsiieon gasket) leaving only the glass
slide with fixed cells. Glass coverslips were maaiivith 40ul of Vectashield (no

DAPI) mounting media. The glass slides were stamatie dark at ZC prior to confocal

imaging.

Single-Plane Qualitative Analysis of NLS-Labeled\p®

Uptake over a 24 Hour Time Course

NIH 3T3 cells were seeded in glass slide chambds k)" cells/well) and
incubated for 24 hours at %7. Cy3-pGL3 (+/+) was labeled by PL-NLS or PL-cNLS
prior to transfection. Transfection with the peptidbeled plasmid was compared to two
additional controls: un-labeled Cy3-pGL3 (+/+) amah-flashed PL-NLS + Cy3-pGL3
(+/+). All Cy3-pGL3 (+/+) formulations were condatsby PEI (R-NH:PO,R, = 3)
and delivered to cells in 640 (500 ng of plasmid) of 2% FBS transfection mediais
transfection protocol was repeated 3 times to giwgentical slides. The transfection was
carried out for 3, 6 ,12 and 24 hrs at which tirhestide was fixed for confocal
microscopy.

The prepared slides were analyzed with a Carl 26584510 confocal laser
scanning microscope using the 2 available HeliunmfNesers (543 nm and 633 nm) to
excite Cy3 (550 nm/570 nm) and TO-PRO-3 (642 nmi@®}, respectively. Images
were acquired under magnification of the 63x oikesion lens. Images were assessed
qualitatively using ImageJ. Briefly, images werguaiced as “.Ism” files with the red and
far-red channels in separate images. Using the posite” function, all red and far-red
fluorescence was combined into one image for tlaatgy Using pseudo-coloring, nuclei

labeled with TO-PRO-3 appeared red and the pGL&léabwith Cy3 appeared green.
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Quantitative Nuclear Localization from Single-Plane

Confocal Imaging

PL-NLS was labeled at various peptide:plasmid satig 10 and 100 pmalg),
and all remaining peptides (except PL-NLS-Y) wetlgeled onto Cy3-pGL3 at 10 pmol/
ug. Plasmid was labeled, condensed by PEI and &etesf for 6 hrs, as described above.
Likewise, the same imaging protocol was followedaitative analysis was performed
using ImageJ. The “Selection Brush Tool” was useddfine the perimeter of all nuclei
in the field and the perimeter of all cells in fiedd. Images of cells were acquired in a
single XY-plane, and the percentage of nucleariai@on was calculated based on an
assessment of all cells in one field of view. Byiethe background-corrected value of
cumulative Cy3 signal in the nuclei was dividedthg background-corrected value of the
cumulative Cy3 signal inside the cell membranelloells. The quotient indicated the

percent of the internalized Cy3-pGL3 that reaclnedriucleus.

PEI versus Peptide-217 Polyplexes and Z-Seriesdmag

Acquisition

Cy3-pGL3 (+/+) formulation by either PEI or pepti@7 has been discussed
previously. Cy3-pGL3 was delivered in the NLS-lazkeform and the un-labeled form by
both polycations for a 6 hr transfection. Afteri8,cells were fixed, nuclei were stained
by TO-PRO-3, and Z-series images were acquiredlsvs. The prepared slides were
analyzed with a Carl Zeiss LSM510 confocal las@ansmg microscope using the two
available Helium/Neon lasers (543 nm and 633 nnextte Cy3 (550 nm/570 nm) and
TO-PRO-3 (642 nm/661 nm), respectively. Images vaerpiired under magnification of
the 63x oil emersion lens. Using the coarse adjesstrand Zeiss software, the vertical
depth of the field was scanned and the “top” armmttm” planes of the nuclei were set.

In Z-scan mode, 6 x Im slices were imaged between the two set-points.
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L Z-slice 1
<—— Z-slice 2
S—— Z-slice 3

Single XY plane IV.

% Nuclear _ ¥ Nuclear Cy3 Signal
Localization  2Whole Cell Cy3 Signal

Figure 5-7 Methodology for quantitative gssessment of nuclear localization. I) A Z-

series of images is collected for each field ofwid) Cells in the field are
numbered, and Cy3 signal is measured in the nueledsn the whole cell.

[1I) This measurement is applied to all cells ifiedd and to all images in the
Z-series. V) The fraction of Cy3 localized to thecleus in the entire volume
of the cell is represented by the equation for %lear localization.

Data was processed using ImageJ and LSM Image Bromas used to generate

and present cross-sections (Z-plane) of cells aedus part of a Z-series. A quantitative

strategy was used to calculate the percent nuldealization from these treatments

captured in Z-series. Using the “Selection BrusbITto define the perimeter of the

nucleus in the far-red channel, total Cy3 fluoreseewas measured for specified nuclei

in a given Z-section. A similar measurement wase aiade to quantify the total Cy3

fluorescence in the whole cell. These measurenvests made for several cells in each
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Z-slice. After determining these measurements lfaZ-alices, the sum of nuclear
fluorescence for the Z-series and total fluoreseemas calculated for each cell. The sum
of fluorescence in each XY-plane allowed for thérenvolume of the cells to be
analyzed. The fraction of total fluorescence thasw the nucleus could be determined
as above. This value was represented as the peafc€yB-pGL3 localized to the nucleus

(Figure 5-7).

Time course of Nuclear Uptake Determined by Z-Serie

Acquisition and Comparison to Luciferase Expression

Cy3-pGL3 was formulated for the following four ttegents (all of which were
condensed by peptide-217): no peptide labelingNRE-labeled at 10 pmaig, PL-
cNLS labeled at 10 pmaig and a PL-NLS non-flashed control. Transfectioesendone
as previously described in 4 x 4-well chamber slitkeallow for 4 time points (0.5, 1, 3
and 6 hrs). Z-series data were assessed both ety and qualitatively.

In addition, a corollary experiment was done to pam nuclear uptake to
luciferase expression in vitro. (A detailed destooip of the in vitro assay for luciferase
expression appears in the subsequent sectionfjyBtlee same 4 treatments of pGL3
were prepared for 1fg transfections in triplicate. Peptide-217 condessaere
delivered to 35 mm wells in which 108lIH 3T3 cells had been seeded and incubated for
24 hrs. Luciferase expression from all treatmerds assessed at 1, 3 and 6 hrs after

transfection, but luciferase expression was onkeoked at the 6 hr time point.

6 Hour Transfection with NLS-Labeled pGL3 (-/-)

pGL3 (-/-) lacks both the SV40 promoter and enhaet@ments. The notable
deficiency is the absence of the SV40 enhancertwings been discussed to contain a
sequence that is known to contribute to nucleaalipation. In light of increased nuclear
localization observed for PL-NLS labeled at 10 pipglon pGL3 (+/+), this

reproduction of that experiment with pGL3 (-/-) weagected to display a greater
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increase in NLS-mediated nuclear localization corag#o the same control treatments.
The experiment with pGL3 (-/-) in a 6 hr transfeatwas conducted identically to the

one described in the previous section but withfi@int luciferase-expressing plasmid.

NLS-Mediated Increase in Luciferase Expression itnoV

Cell Passaging

All tissue culture materials and reagents werethiced in the “Confocal
Microscopy” section. The same materials were @dizo complete the following
experiments, as well. NIH 3T3 cells were maintaiimed water jacketed incubator with
an internal atmosphere of 5% ¢(njected) and air. The cell culture media destib
previously was filtered through a 0.2&h membrane. NIH 3T3 cells were adherent in
100 mm treated polystyrene dishes and proliferatgd they reached 75% confluency.
The culture media was then removed, cells were adhshth PBS, and the extracellular
matrix of cells was trypsinized (Trypsin-EDTA, G@jc A cell suspension of trypsin and
DMEM pelleted, cells were resuspended and passaged:100 dilution.

For transfection experiments, cells were seed&®imm (6-well) plates. Prior to
seeding, cells in suspension were counted usingldegl hemocytometer and an inverted
microscope with 10x magnification. Briefly, a gDaliquot of the suspension was diluted
2-fold in trypan blue (0.4%, Gibco). Using the @isng scope, 10 fields of cells (in a
volume equal to 1miwere counted. From this count, the concentraiocells in
suspension (cells/ml) was calculated. This valus used to determine the volume of an
aliquot that contained the desired number of ¢ellse seeded in each well. Cells were

seeded for transfection a total volume of 2 ml@¥lFBS culture media per well.

Transfection
Plasmid was labeled by PL-peptide as describedqusly. Briefly, 20ug of
pDNA (0.4 mg/ml) was added dropwise to an equalin@ of PL-peptide in 5 mM
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Hepes to achieve a photo-labeling stoichiometr.2$100 pmol of peptide pag of
pDNA. Photolysis of PL-peptides diluted with pDNAawinitiated using a conventional
photo-flash. Samples contained in polypropylenerogientrifuge tubes were photo-
flashed 40 x and maintained at room temperatura 0 min incubation.

Cells were transfected 24 hrs after being seedéewrll plates. pDNA was
delivered with PEI as the condensing agent. PEI®®-NH;":PO,R, = 9) condensates
were prepared in 5 mM Hepes (pH 7.4) by adding@@GL3 (100ul) to 119ug of PEI
(200 ul) followed by a 30 min incubation at room temparat PEI-DNA condensates (5
ug pGL3 in 50ul) were added to 50—70% confluent 3T3 cells in 36 wells. This was
followed by the addition of 1 ml of 2% FBS trandfen media. Cells were incubated at

37° C. The time of transfection was specified for eaxheriment.

Luciferase Assay

Cells were washed twice with 2 ml of ice-cold PBffl #hen treated with 0.5 ml
of lysis buffer for 10 min on ice. The cell lysatg@sre scraped, transferred to 1.5-ml
microcentrifuge tubes, and centrifuged for 7 mid2000 xg at 4C to pellet cell debris.
Luciferase activity was measured in relative lighits by a Lumat LB 9501 (Berthold
Systems, Bad Wildbad, Germany) with 10 sec integmnadfter automatic injection of 100
ul of 0.5 mMD-luciferin and manual injection of 48 of 165 mM ATP. The relative
light units were converted to picograms of luciferaising a standard curve generated by
adding a known amount of luciferase to 35-mm wadistaining >50% confluent 3T3
cells. The resulting standard curve had an aveslge of 1.46 x 1brelative light
units/pg of enzyme. Protein concentrations weresonea by BCA assay using bovine
serum albumin as a standard. The amount of lusiéeracovered in each sample was
normalized to mg of protein and reported as themagal standard deviation obtained

from triplicate transfections.
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Luciferase Expression Based on Increased PL-NLS

Labeling Stoichiometry

Covalent modification could interrupt transcriptiohthe transgene if modified in
the coding region. This concern was addressed empetally by increasing the labeling
ratio of PL-NLS onto pGL3 (+/+). pGL3 (+/+) was klbd by PL-NLS at initial labeling
stoichiometries ranging from 0.1 — 100 pmol of PLug of plasmid. PEI-pGL3 (+/+)
condensates were prepared as described abovebeledgpGL3 (+/+) was included in
the experiment as a positive control. A bench topuminometer was used to assay for
luciferase in cell lysate following a 24 hour tréaetion and the BCA assay was used to

normalize RLUs in terms of the total protein cortcation.

Time Course of Transfection: Effects on In Vitro

Expression

pGL3 was prepared in 3 treatments for this exparmen-modified pGL3 (+/+),
PL-NLS labeled at a 1 pmalg ratio, and PL-cNLS labeled at a 1 pmgltatio. pGL3
was condensed by PEI (R-NEPQ,R, = 9). Transfection of 3T3 cells followed a 24 hr
incubation of 18 cells initially seeded in 35 mm wells. Treatmentse applied in
triplicate, and a luciferase assay was conductd@,at8, 24, 36 and 48 hrs following

transfection.

Variable Seeding Number of NIH 3T3 Cells

NIH 3T3 cells were seeded at*1aQ, or 16 cells per well in order to introduce
variation in the extent of cell confluency at tivae of transfection (24 hours after cell
seeding). An NLS effect of increased expressi@reslicted to be masked if cells are
rapidly dividing because mitosis becomes the ogtgrgi factor factor contributing to
nuclear localization in cell cultul®. Cells that were more confluent at the time of

transfection underwent less cell division. pGL3HHbrmulations were delivered in
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triplicate in an identical fashion to the previaxperiment. The transfection was carried

out for 24 hrs and luciferase levels were measatd¢dat time.

Serum-Starving Conditions

Based on the results of the experiment on varisééeling density, in vitro
experiments looking for an NLS-mediated increasgeine expression were done in
serum-starving conditions to greatly reduce mitasid minimize nuclear restructuring as
a possible mask of NLS-mediated increase in exjmesBriefly, 10 NIH 3T3 cells were
seeded in 6-well plates and incubated in 10% FB@&iafer 24 hours. Subsequently,
cells were incubated in 0.2% FBS media for 48 holings was followed by transfections

as described above.

Bioluminescence Imaging to Assess NLS-Mediated
Increase in Luciferase Expression In Vivo
Chapter 2 and Chapter 3 offer detailed descriptadriee Materials and Methods
of HD dosing, IM-EP dosing and BLI. The same proteare applied to the following
investigations of NLS-mediated increases of in \geme expression. A newly introduced
reagent to these experiments was pGL3 Promoterglelsmid (Promega) which

contains the SV40 promoter, but lacks the SV40 ecdra

HD Dosing of NLS-Labeled pGL3

Mice were HD dosed in triplicate with 10 ng of pG(#3+) that was un-labeled,
labeled with 0.1 pmol of PL-NL§g or labeled with 0.1 pmol of PL-cNL&J. Plasmid
was diluted in normal saline up to a volume thas wqual to 9% of the body weight of
the mouse to be dosed. The solution was delivegethil vein injection in 5 sec. Mice
were imaged for liver expression of luciferasera®4 hrs. Similarly, the same treatments
were applied in a separate experiment in whicHahbeling ratio PL-NLS and PL-cNLS

was increased to 10 pmpdf and the total dose delivered was reduced todf p&L3.
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IM Dosing of NLS-Labeled pGL3

Treatment groups used in this experiment were ida&nb those in the previous
HD experiment: un-modified pGL3 (+/+), PL-NLS labdlat 1 pmollg and PL-cNLS
labeled at 1 pmaly. 20pg of pGL3 was dosed IM in 5d of normal saline. In the first
group of mice (n=3) the left leg (direction is basm the ventral view) was dosed with
pGL3 (+/+) and the right leg was dosed with NLS-@3H/+). The second group (n=3)
allowed for an intra-mouse comparison between ciNibgled plasmid (left leg) and
NLS-pGL3 (+/+) in the right leg. Mice were imaged Brs following IM dosing.

A similar experiment followed in which peptides wédabeled onto pGL3 (+/+) at
0.1 pmol{ig and a 2Qug dose of pGL3 was administered to each leg. kx¢ase, the
same treatment was delivered to both legs of angweuse and 3 mice (n=6) were in

each treatment group. Again, BLI was carried ouh&Afollowing IM dosing.

IM-EP Dose of pGL3 Labeled by PL-NLS or PL-cNLS

Electroporation following an IM dose of naked pGlt3+), and the benefits of
that approach are discussed in Chapter 3. The priaman of incorporating EP was to
increase precision and the percent of doses tlateshluciferase expression by BLI.
pGL3 (+/+) was labeled with PL-NLS or PL-cNLS apthol/ug. 5pg doses of plasmid,
labeled by either peptide or un-modified, weredked (n=4) to the hamstring muscle in
50 ul of normal saline by IM methods. This administatiwas followed 1 min later by
EP, as described previously. Mice were imageduoiférase activity 24 hrs following IP

dosing ofb-luciferin.

IM-EP Dose of pGL3 Labeled by 6-AA Linker Peptides

The previous experiments have been under-whelngigarding the results
generated by using PL-NLS/cNLS (containing the 2 k&lker). Here, we introduce

NLS-containing peptides that have the 6 amino heiars (Figure 5-3) with thoughts of
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improving the structure-activity relationship fonportin-o binding to the NLS which
was predicted to be projected away from the plasmitidl the extended linker length.
pGL3 (+/+) was labeled with 0.1, 1.0 and 10 pmgl6f PL-6GIly-NLS, PL-6Lys-
NLS or PL-6Pro-NLS. From each labeling reactiopgldoses of pGL3 in 50l of
normal saline were administered in the hamstringaieu(n=4). These doses were
followed by EP, as described previously. Luciferaspression was monitored by BLI at
24 hrs following the pGL3 dose. Values were comgaoea dose of un-modified pGL3.
In the case of the 6Pro peptide, a similar expertmas conducted with control
peptides included. That is,uy of pGL3 (+/+) was dosed un-modified, or labeldthw
1.0 pmolfig of PL-6Pro-NLS, PL-6Pro-cNLS or PL-1Pro-NLS. Tdé»gerimental

protocol for these dosing groups was identicahtd bf the previous experiment.

IM-EP of pGL3 (+/+) with excess free PL-NLS or PL-

cNLS

Previous experiments have focused on demonstratingcrease in gene
expression based on covalent labeling with PL-NhShis alternative approach, pGL3
(+/+) with a known nuclear targeting sequence wased in the presence of free peptide
that may compete with cytonuclear transfer of tlaspid as part of the receptor-
mediated process at the NPC. All mice in each g{oegd) were dosed in the hamstring
muscle with Iug pGL3 (+/+) in 5Qul of normal saline according to IM-EP protocol.
Each 50ul bolus dose contained 1000-fold mol excess of RISNLO,000-fold mol
excess of PL-NLS, the same amounts of PL-cNLS drempeptide. Mice were dosed
with pGL3 (+/+) and imaged 24 hrs later by BLI fsdling an IM dose of 4Ql of D-

luciferin (30 mg/ml).

IM-EP Dosing of pGL3 (+/+) and (+/-)

A series of inconsistent and inconclusive experitsiégad to an investigation

with pGL3 Promoter plasmid (+/-). As discussed poasly, pGL3 (+/+) contains an
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SV40 enhancer element which has been shown torconétear localizing capability on
pDNA. Potentially, the presence of theSV40 enhargerasking any nuclear-localizing
effect imparted from peptide labeling. pGL3 (+/6ed not contain the SV40 enhancer
element and would not have any inherent nuclealilmog capacity.

In the initial experiment, pGL3 (+/-) was labeledm?2 and 20 pmoljig of PL-
NLS. These formulations were dosed IM-EP and coeth&r un-modified pGL3 (+/-)
and un-modified pGL3 (+/+). ig of pGL3 was dosed in 50 of normal saline in 2 mice
(n=4) and expression was monitored for 144 dayis @&kperiment was repeated (n=6),
the 20 pmolig was replaced by a treatment of PL-cNLS labelé@nolfig and
luciferase expression was followed for a time cewk28 days.

A subsequent experiment was conducted using Ext9\I4®and cNLS. pGL3
(+/-) was labeled by either peptide at 1 pmgl/1ug of pGL3 (+/-) was dosed by the
IM-EP protocol.

Results

4-azido-2,3,5,6-tetrafluorobenzoate (PL) and Peptid
Synthesis

The synthesis of 4-azido-2,3,5,6-tetrafluorobenzdaim the commercially
available pentafluorobenzoate is completed in Bsstistallation of the azide in the para
position under reflux conditions gives 4-azido-2,8;tetrafluoro-methylbenzoate as a
white solid. It is well-known that this pentafluospecies reacts with sodium azide to
give the 1,4-disubstituted tetrafluoro compotmdrhe starting material and para-azide
product were analyzed by thin-layer chromatographa@eveloped in hexane:ethyl
acetate (10:1). Rvalues were 0.24 and 0.11, respectively. The sjulese basic
treatment of the methyl ester left the photo-ladsel white solid following re-
crystallization. The product was spotted on a thier plate with the para-azide methyl

ester and developed in hexane:ethyl acetate @;¥alues were 0.59 for compound 2



(Scheme 5-1) and 0.19 for compound 3. The finallpcowas synthesized in 82.1%

yield.

Table 5-1 Purification and characterization of all PL-peptides.

Peptide

PL-NLS
PL-cNLS
PL-NLS-Y

PL-ExtSV40-
NLS

PL-ExtSV40-
cNLS

PL-1Gyl-NLS

PL-1Gyl-
cNLS

PL-1Lys-NLS

PL-1Lys-
cNLS

PL-1Pro-
NLS

PL-1Pro-
cNLS

PL-6Gly-NLS

PL-6Gly-
cNLS

PL-6Lys-NLS

PL-6Lys-
cNLS

PL-6Pro-
NLS

PL-6Pro-
cNLS

Sequence

(1-letter amino acid abbreviations)

PL-GGPKKKRKVG
PL-GGPKTKRKVG
PL-GGPKKKRKVGY

PL-YKKKGSSDDEATADSQHSTP-
PKKKRKVEDPK

PL-YKKKGSSDDEATADSQHSTP-
PKTKRKVEDPK

PL-GPKKKRKVG
PL-GPKTKRKVG

PL-KPKKKRKVG
PL-KPKTKRKVG

PL-PPKKKRKVG

PL-PPKTKRKVG

PL-GGGGGGPKKKRKVG
PL-GGGGGGPKTKRKVG

PL-KKKKKKPKKKRKVG
PL-KKKKKKPKTKRKVG

PL-PPPPPPPKKKRKVG

PL-PPPPPPPKTKRKVG

% Yield®

(30 pmol
syntheses)

11%
15%

48%
8%

5%

11%
8%

28%
19%

10%

24%

36%
19%

12%
22%

13%

17%

RP-HPLC
Elution
Gradient

(% ACN in
0.1% TFA/min)

10-30/30

10-30/30
10-30/30
10-30/30

10-30/30

10-40/30
10-40/30

10-40/30
10-40/30

10-40/30

10-40/30

10-40/30
10-40/30

10-40/30
5-35/30

20-40/30

10-40/30

Elution
Time

(min)

17.2

18.8
21.6
195

19.7

14.6
15.9

14.3
15.2

16.9

18.1

14.8
15.3

13.8
19.2

13.8

23.2

(calculated/observed

m/z

1272.3/1232.

1245.3/1245
1435.58515
1852.9/1852.5

1839.4/1839.0

1215.216.0
1188.3/1188.1

1286.286.0
1259.4/1259.0

1255.4/1255.1

1228.3/1228.1

056/1500.1
1473.5/1473.4

1923/1926.4
1900.2/1900.2

1741.0/1740.1

1713.9/1714.0

®Based on UV Abggnr € = 14.951 Mem?
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Synthesis of all peptides was carried out accortbrggandard methods for SPPS
using Fmoc-protected amino acids. These peptidesiced either the classic SV40 NLS
sequence (PKKKRKYV) or the control, non-nuclear laag control (CNLS) sequence
(PKRTKRKYV). For each peptide, PL was coupled tohterminus in the final step of
SPPS. The first pair of NLS/cNLS peptides synthesizontained a 2-Gly linker region
between PL and NLS. Figure 5-1 displays the chdmstcactures and Figure 5-8 shows
the RP-HPLC chromatograms and mass spectra of Fh-atld PL-cNLS, respectively.
Table 5-1 summarizes relevant synthetic, purifaraind characterization results for
these and all peptides synthesized.

For purposes of precisely quantifying the amourgeydtide present, a Tyr-
containing analog of PL-NLS was synthesized. Tles@nce of Tyr at the C-terminus
enables iodination, using K, by the Greenwood method. A Tyr-functionalized Wya
resin provided the solid support for SPPS of PL-NL3Results associated with PL-
NLS-Y synthesis are displayed in Figure 5-15 anbld &-1.

A series of NLS/cNLS peptides with variation in {ivker region was
synthesized on a Gly-functionalized Wang resin.nikithis series, the linker was varied
by incorporating either 1 or 6 amino acids and e@sprised of Gly, Lys or Pro
residues. The 6 different linkers were devisecs the effect of NLS presentation as it
is projected away from pDNA. Relevant informatian this series of NLS and cNLS
peptides is displayed in Figures 5-9 to 5-14 anold &-1.

The final peptides that were synthesized were tdrtRe-ExtSV40”. Each
peptide (NLS and cNLS) was synthesized to contaiexdension of the native amino
acid sequence toward the N-terminus. Jans and ckevghave shown that this region

contains 2 phosphorylatable Ser residué¥Ser and?°Ser. These peptides were
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Figure 5-8 LC-MS chromatograph of PL-NLScNLS (2-Gly linker). PL-NLS (top) and
PL-cNLS (bottom) with a 2 Gly linker between thet@&tminal PL and the
SV40 sequence. Specific data of chromatographytsyseopy can be found
in Table 5-1
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Figure 5-9.LC-MS chromatograph of PL-NLS/cNLS 1-Gly linker. PL-NLS (top) and PL-
cNLS (bottom) with a 1 Gly linker between the Naenal PL and the SV40
sequence. Specific data of chromatography/ specpyscan be found in
Table 5-1.
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Figure 5-10LC-MS chromatograph of PL-NLScNLS 1-Lyslinker. PL-NLS (top) and
PL-cNLS (bottom) with a 1 Lys linker between thedtminal PL and the
SV40 sequence. Specific data of chromatographytsseopy can be found
in Table 5-1.
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Figure 5-111L C-MS chromatograph of PL-NLScNLS 1-Lyslinker. PL-NLS (top) and
PL-cNLS (bottom) with a 1 Pro linker between theédwninal PL and the
SV40 sequence. Specific data of chromatographytsseopy can be found
in Table 5-1. * Indicates non-peptide void peak
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Figure 5-121L. C-MS chromatograph of PL-NLScNLS 6-Gly linker. PL-NLS (top) and
PL-cNLS (bottom) with a 6 Gly linker between thet@&tminal PL and the
SV40 sequence. Specific data of chromatographytsyseopy can be found
in Table 5-1.
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Figure 5-13LC-MS chromatograph of PL-NLScCNLS6-Lys linker. PL-NLS (top) and
PL-cNLS (bottom) with a 6 Lys linker between thedtminal PL and the
SV40 sequence. Specific data of chromatographytsyszopy can be found
in Table 5-1.
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Figure 5-141L. C-MS chromatograph of PL-NLScNLS6-Pro linker. PL-NLS (top) and
PL-cNLS (bottom) with a 6 Pro linker between theédwninal PL and the

SV40 sequence. Specific data of chromatographytsysEopy can be found

in Table 5-1.
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Figure 5-15L.C-MS chromatograph of PL-NLS-Y. PL-NLS-Y contains a Tyr residue at
the C-terminus of the SV40 sequence. Specific dathromatography/
spectroscopy can be found in Table 5-1.

synthesized on Lys-functionalized Wang resin. RR-EiRnd ESI-MS data are shown in

Figure 5-15. Again, Table 5-1 displays additiomdébrmation regarding these peptides.

Photo-Flashing and pDNA Formulation
PL-NLS peptides were not synthesized containingldviyactive amino acids.
Hence, quantitation of these peptides was by theab86rbance of PL at 258 nm. The
molar absorptivity ) of PL was determined from the UV absorbance hitidins that
contained 10-120 nmol of PL (Figure 5-17). The slopUV absorbance at 258 nm

versus the concentration of PL represents the nabisorptivity £, = 14,951 Mcm™).
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Figure 5-16LC-MS chromatograph of PL-ExtSV40-NLScNLS. ExtSV40 peptides NLS
(top) and cNLS (bottom) contain an extension ofrthBve sequence at the C-
terminus of the classic SV40 NLS sequence. Spedd#ia of chromatography/
spectroscopy can be found in Table 5-1.
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Figure 5-17. Defining the molar absorptivity for PL. 1 ml dilutions of the PL monomer in
varying concentrations were assessed for UV Absorbance at 258 nm. The
slope of the plot of Absvs. M represents the molar absorptivity.

To indirectly show the photoactivation of PL-peptide alone, adilution of PL-NLS
(77.8 nmol/ml) was extensively photo-flashed. The UV absorbance at 258 nm was
monitored after every 5 flashes. Figure 5-18 indicates that the chromogenic character of
PL-NLS was diminished with successive flashes. The plot of absorbance versus the
number photo-flashes indicates an inflection point at approximately 40 flashes. The
absorbance of this dilution of PL-NLS showed a decrease of 0.8 O.D. units. The
minimum absorbance is taken to represent complete photo-activation of the photo-labile,
para-azide.

Agarose gel electrophoresis was used in aqualitative representation of PL-NLS
photo-labeling of pGL3 (+/+). Figure 5-19 represents band-shifting toward the origin as
the initial labeling stoichiometry of peptide to plasmid increased from 100 pmol (lane 2)
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Figure 5-18 Photo-degradation of PL-NLS absorbance. A known amount of PL-NLS
was subjected to successive photo-flashing and h¥drddance at 258 nm was
continually monitored after every 5 flashes.

to 1 nmol (lane 4) as compared to unmodified pldsfiaine 1). Lanes 3 and 5 are
denoted by an “*” which indicates that samples weresubjected to a photo-flash, and
no band-shift retardation was observed in eitheechn addition, a 250 nmol, stepwise
increase in labeling stoichiometry from lane 100opto 1 nmol showed a successive
retardation of band migration (data not shown).

Qualitative photo-labeling assessment was carnigdar the entire spectrum of
PL-NLS analogs that have been synthesized. In easd, we observed near-complete
retardation of band migration by labeling at 1 nmigbeptide peng of pGL3 (+/+).

Figure 5-20A demonstrates flashed versus non-fthshenples of each peptide at this



12C

pmol PL-NLS 0 100  100* 1000 1,000*
HgpGL3

e e (R —

OC——————— s —

—
SC—— i— " .

Figure 5-19Agarose gel electrophoresis of pGL3 labeled by increasing amounts of PL-
NLS. Stoichiometry of labeling reaction: Lane 1, O pfmg| Lane 2, 100
pmol/ug; Lane 3, 100 pmalf, non-flashed control; Lane 4, 1,000 pmgl/
Lane 5, 1,000 pmalg, non-flashed control. The photo above represents
negative image of that acquired by imaging ethidhromide fluorescence on
the transilluminator after samples were run fomif at 80 V. “SC” indicates
super-coiled band of pGL3 and “OC” indicates pGh3t$ open-circular form

stoichiometry. Note that both peptides containimg &-Lys linker did not demonstrate
any band migration for the non-flashed control.sTWwas a result of the 6 additional
cationic residues on the peptide which allowedctardensation of pGL3 (+/+). Thus, in
the absence of covalent labeling, PL-6Lys-NLS/cMliénot allow plasmid to freely
migrate on agarose gel. For these 2 peptides, wmesrated their photo-activation
(which simply suggests photo-labeling ability) e photo-degradation experiment.
Figure 5-20B demonstrates that both peptides weotopactivatable.

Several factors can influence the transfectiorciefficy of a non-viral particle. A
potentially influential factor is the particle sipéthe polyplex. The data in Figure 5-21
shows the effect that PL-NLS labeling of pGL3 (+Hh8s on the particle size of peptide-
labeled plasmid as it is condensed by PEI (RyNPDO,R, =9). With a stoichiometry of

labeling <300 pmol of PL-NLS peng of plasmid, the particle size was maintainednat a
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Figure 5-20. Photo-Labeling of pGL3 by the series of variable-linker PL-NLS/cNLS
peptides. A) PL-containing peptides were introduced at a labeling ratio of 1
nmol/pl and photo-flashed 40x. In each case, “*” indicates the non-flashed
control. Samples of 500 ng of pGL3 (+/+) were run for 70 min at 80 V on a
1% agarose gel. B) The poly-Lys linker region of PL-6Lys-NLS/cNLS
condensed the plasmid at 1 nmol/pg and did not allow the pGL3 to run out of
the well for the non-flashed controls. Here, these peptides were subjected to
photo-flashing to show photo-degradation as an alternate indicator of photo-
activation and photo-labeling ability
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Figure 5-21 Relationship between particle size of PEI-pGL3 condensates and
stoichiometry of the photo-labeling reactions. pGL3 (+/+) was labeled with
the indicated stoichiometry of PL-NLS. NLS-pGL3 wamdensed by PEI at
a 9:1 charge ratio (R-NftPQyR,). Particle size was determined by dynamic
light-scattering analysis

effective diameter <100 nm. An increase is theckiometry, up to 1 nmol perg,
resulted in particle sizes exceedingrih. Thus, the effective diameter of particles

increased 200-fold from labeling with 200 pnpgj/up to 1 nmoldg.

lodination of PL-NLS-Y and Quantitative Photo-Laibe|
Efficiency
Synthesis of the tyrosine-containing PL-NLS wasfitored by LC-MS (Figure
5-15). The predicted mass of the peptide was 14&#ibas compared to the actual mass
of 1434.3 amu. Figure 5-22 compares the elutiodAloNLS-Y from the G-10 column
detected by UV absorbance at 258 nm to the elatidhe iodinated peptide detected by

a gamma counter. The simultaneous elution of peaksated by both detection methods
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Figure 5-22Elution of PL-NLS-Y, Nal and lodinated PL-NLS-Y-***| by Sephadex G-10
Column. PL-NLS-Y elution (black circles) was detected by Bbsorbance at
258 nm. The cpms associated with iodinated pegligigon were detected by
gamma counter (oben circles). Nal elution is detktty UV absorbance at
240 nm (gray triangles).

confirmed the identity of the iodinated peptidee™pecific activity (57.2aCi/nmol) of
the peptide was calculated based on the amoumtidfpeptide collected (58%) and the
total cpm of the fractions pooled (9, 10 and 1a)rfriPL-NLS-Y+?3. The identity of the
radiolabeled product was further confirmed by tlaiyer chromatography based on a

positive ninhydrin test and the autoradiographloN2.S-Y-2% (Figure 5-23).
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Figure 5-23Thin Layer Chromatography of PL-NLSY. Panel A represents non-iodinated
peptide developed with 90% acetic acid and staloethe presence of
peptide by ninhydrin spray. Panel B is an autorgidiphic image that shows
the migration of N&I (left spot) and radio-iodinated PL-NLS-Y (right).
Panel C shows an aliquot of the iodinated peptiille av“halo” of free™”
moving with the solvent front.

PL-NLS-Y-*1 was further purified from fre&" by solid-phase G cartridges.
Integration of thin-layer chromatography slidesiaatied that purification via the G-10
column resulted in samples that had approximat@¥s 4f the observed radioactivity
attributable to free iodide (Figure 5-23C). Follogione solid-phase separation (Figure
5-24), the amount of free iodide was reduced to db®¥%ae total radioactivity of the
sample. Fraction 16 from the elution in Figure 5wa taken through a second
separation and the peak fraction (10) gave a saaigdeptide that contained 96% of the
measured radioactivity (Figure 5-25)

Figure 5-27 shows that photolabeling efficiencgependent on the stoichiometry
of the peptide/plasmid in the initial labeling reéan (A) and on the total amount of pGL3

used in the labeling reaction (B). The data shovegarithmic relationship between
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Figure 5-24 Solid-phase separation of PL-NLS®k Free*®™'is eluted initially from the
C,g cartridge. With a step gradient of acetonitrites todinated peptide is
eluted in later fractions. Fraction #16 was cobectfreeze-dried and
reconstituted in 0.1% TFA.
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Figure 5-252" Solid-phase separation of PL-NLS L The top graph shows the
elution of iodinated peptide that was reconstitdtedh the fraction identified
in Figure 5-24. As in the previous case, the peagtion (10) was collected,
freeze-dried and reconstituted in 0.1% TFA. Thedotfigure represents an
autoradiograph and density integration of purifiedttions on TLC.
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Figure 5-26 Stability of the Covalent Interaction between PLSNAnd pGL3pGL3
(+/+) was photolabeled with PL-NLS-¥2. Triplicate samples were
maintained at room temperature in either 5 mM Hépkis7.4) or 1 M
NH4OH (pH 11.5). Radioactivity (as a measure of cavdyelabeled peptide)
was monitored after successive ethanol-precipitatmver the course of 48
hours.

peptide stoichiometry and photo-labeling efficiengiyen a constant amount of pGL3.
From this fit line, we can calculate the absolutenber of peptides labeled onto pGL3
(+/+), given an initial labeling stoichiometry (Tiatb-3).

The stability study highlighted in Figure 5-26 slwtlat the covalent adduction
of pGL3 (+/+) by iodinated PL-NLS-Y is stable atysiological pH as compared to a
positive control for depurination in which 70% betpeptide is lost over 48 hrs.

Previous agarose gel electrophoresis experimentsdemonstrated that peptide
labeling at an initial stoichiometry of 100 pmolpéptide pepg of pGL3 (+/+) could

induce band retardation. Qualitatively, this suggesvalent adduction at relatively high
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Figure 5-27 Quantitative determination of photo-labeling etticcy A) The variable
stoichiometry of PL-NLS-Y** is plotted on the above log-linear plot versus
its relationship to the percent of peptide that walsulated as bound
covalently to pGL3 (+/+). The relationship is reggated by the equation: y =
0.021In(x) + 0.136. B) The amount of pGL3 (+/+)ie labeling reaction was
increased, but the concentration of plasmid andigepvas kept constant (0.2
ug/ul and 0.1 pmol PL-NLS-YI{g, respectively).



stoichiometries. Figure 5-28 qualitatively confirthat pGL3 is covalently labeled by a

reaction with an initial stoichiometry of 1 pmol péptide pepng of pGL3.

1 pmol 10 pmol 100 pmol 100 pmol*

MY MY Hg MY

Origin

ocC

SC

Figure 5-28 Agarose gel electrophoresis of pGL3 labeled by RIS+, The
autoradlographlc image shows (1@ of pGL3 labeled by 1, 10, and 100 pmol
of PL-NLS-Y-**% perpug (left to right in the first 3 lanes). The finarie
includes 100 pmolig, but represents the non-flashed (*) control. Band
indicate the presence of the iodinated peptide.

Assessing Nuclear Uptake of NLS-pDNA by Confocal
Microscopy

The initial confocal experiments involved image @isgion of a single XY-plane.
Images were assessed qualitatively using the Imsafedare for merging the red and
far-red signals. Figure 5-29 shows the resultsiPE&mediated transfection of Cy3-
pGL3 (+/+) labeled with 10 pmol of peptide pay of plasmid. The time course of the
experiment was 24 hrs and uptake was assesse@,atBand 24 hrs. The cytosol of all
cells carried a strong and punctate Cy3 signalrdaesented intracellular pGL3 (+/+).
The amount of Cy3 signal internalized appeareddoeiase for each treatment over the

course of 24 hrs.
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Figure 5-293-24 hr transfection with 500 ng of Cy3-pGIGy3-pGL3 was labeled by 10
pmol of NLS pemng,10 pmol of cNLS pemng, unmodified, but formulated in
the presence of 10 pmol pay (NLS*=No flash control) or simply condensed
by PEI prior to transfection. All treatments arexdensed by PEI (R-
NH3":PQ;R, =3). Nuclei labeled with TO-PRO-3 are shown in tbeé
pseudocolor and Cy3-pGL3 is shown in the greenquselor.

Transfection experiments were extended to 24 hobserve whether or not
nuclear uptake was time-dependent. We observedadative or quantitative (Figure 5-
30) increase in nuclear uptake from 3 hrs out thr34 The percent nuclear uptake for all
treatments ranged from 2-14% at the 3 hr time paiml became more consistent (2-7%
nuclear uptake) for 6 hr to 24 hr transfectionse fhalitative observation of increasing
internalization over time is shown quantitativatyHigure 5-31. Between formulations at

a given time point, there was no significant diéiece (a favorable result given that this
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assumption is built-in to the experiment). Howetle, mean cellular uptake of all
formulations increased from 3 hrs (6.6 X fdlative fluorescent units) to 24 hrs (1.5 x

10’ relative fluorescent units).
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Figure 5-30.Time course of nuclear uptake assessed quantibatiMéH/3T3 cells were
transfected with 500 ng of Cy3-pGL3 (PEl; R-NHPO,R, =3). pGL3 was
labeled with PL-NLS or PL-cNLS at 10 pmwdy prior to transfection. Also
included was a non-flashed control with PL-NLS andunmodified control.
Nuclear localization was monitored from 3-24 hreeTmeasure of % nuclear
uptake is based on the Cy3 fluorescence in theenaas compared to the
total Cy3 fluorescence in the whole cell.

Additional treatments were applied to this expentakprotocol with a 6 hr

transfection. The ratio of NLS was varied from 1gbmg pGL3 (+/+) up to 100 pmalg
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plasmid. NLS and cNLS analogs (PL-6Pro, PL-6Lys;@dly, PL-1Pro, PL-1 Lys and
PL-ExtSV40) were also examined (Table 5-2). Thentjtetive analysis suggests that

PL-NLS containing a 6-lysine linker is the mosteuatnuclear localizing analog.
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Figure 5-31Time course of cellular uptake assessed quantaigtiNIH 3T3 cells were
transfected with 500 ng of Cy3-pGL3 (PEl; R-NHPO,R, =3). pGL3 was
labeled with PL-NLS or PL-cNLS at 10 pmwdy prior to transfection. Also
included was a non-flashed control with PL-NLS andunmodified control.
Cellular uptake of the Cy3 signal was monitoredrfr®-24 hrs
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Table 5-2 Quantitative image analysis - single XY plaimea series of transfection
experiments, various NLS controls were compared, &E& charge ratio of
R-NHs":PO;R, =3, was used as the transfecting agent in each Thse
duration of transfection was 6 hrs.

Peptide Labeling Nuclear Localization Std Dev

PL-NLS 10 pmolig 9.8% 5.3%

PL-cNLS 10 pmolkg 6.9% 1.4%

PL-NLSControls |PL-NLS* 10 pmoliig 12.8% 7.6%
(2-Gly Linker) PL-NLS 1 pmolig 12.8% 7.6%
PL-NLS 100 pmolig 10.3% 3.7%

-- -- 6.9% 8.7%

PL-ExtSV40-NLS 10 pmolg 4.4% 3.1%

PL-ExtSV40-cNLS 10 pmalig 4.7% 57%

PL-1Lys-NLS 10 pmollg 9.2% 3.9%

PL-1Lys-cNLS 10 pmolig 9.3% 9.5%

PL-NLSAnalogs |PL-6Lys-NLS 10 pmollg 17.3% 7.6%
Variable Linker PL-6Lys-cNLS 10 pmolig 1.3% 0.1%
PL-1Pro-NLS 10 pmollg 1.2% 1.4%

PL-1Pro-cNLS 10 pmaolig 7.4% 4.2%

PL-6Pro-NLS 10 pmollg 7.4% 3.0%

PL-6Pro-cNLS 10 pmalig 2.7% 2.8%

PL-6Gly-NLS 10 pmolkg 13.8% 7.7%

PL-6Gly-cNLS 10 pmollg 4.4% 6.2%

“PL-NLS*” represents non-flashed control
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Figure 5-32PElI vs peptide 217 deliveryYnmodified Cy3-pGL3 delivery by PEI was
compared to that with peptide 217. Likewise, Cy3-BEabeled by PL-NLS
(20 pmolfrg) was compared. The 3 hr transfection was analggettseries
acquisition. Panel A shows representative compasiéges for the entire Z-
projection. Panel B represents the quantitativa.dat



13t

XY-plane Z-section

PL-NLS
Bottom
PL-NLS*
PL-cNLS
Bottom
Top
217 "

Bottom

Figure 5-336 hour tme point of Cy3-pGL3 delivered by 217: gative Z-series
assessmen€Cy3-labeled pGL3 (+/+) was transfected into NIFH3Xells.
They were fixed, permeabilized and stained with HRO-3 at various time
points post-transfection . The 6 hr transfectioshewn here with images of
the XY-plane and Z-series reconstruction images.

Qualitative analysis of images via ImageJ occasippaoduced merged images

that showed diffuse pixels of Cy3 fluorescencehmniuclei. It was determined that this
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was an artifact of the laser during image acquisitSpecifically, an increase in the
intensity of the Helium/Neon laser (ex: 543 nm)duoed emission from the nuclear TO-
PRO-3 that was detected in the red spectrum. Tres@menon resulted in artifactual,
diffuse red signal in the nuclei that appearedhedbsence of Cy3-pGL3 transfection. In
early experiments, this emission in the red chamnml incorrectly observed as
colocalizing with the far-red emission and confoed@terpretation of the colocalization
mask image. This diminished the reliability of tpeantitative analysis of nuclear uptake.

In an effort to more fully quantify nuclear uptakethe entire volume of the cell
(rather than in a single XY-plane), the acquisitmwatocol was amended to collect Z-
series data. In the first experiment implementheyZ-series acquisition protocol,
plasmid delivery by PEI was compared to deliverypbptide 217. Peptide 217
(CWK37C), is a gene transfer peptide that undergoes DhiAptate polymerization by
sulfhydryl crosslinking to form condensates. Thdaomal environment is suspected to
trigger intracellular release of DNA by reducing tulfhydryl linkage$ Cy3-pGL3
(+/+) formulations were either labeled by PL-NL® @imolfig) or unmodified. Plasmid
was condensed by each polycation at an R*NMYR, = 3 by both PEI and peptide 217.
The transfection was carried out for 3 hrs (Figes&2). Both qualitative (panel A) and
guantitative (panel B) data are displayed in thare. There was no significant difference
between the delivery systems when compared by gative methods, although 217
delivery showed an increase in nuclear localizatowrboth NLS-pGL3 and pGL3 (10.3
and 8.9 %, respectively) as compared to PEI-metiid¢divery of the same formulations
(7.5 and 4.8%, respectively).

A 6 hr time course of Cy3-pGL3 (+/+) delivery byppele-217 was carried out
for NLS-pGL3 (10 pmoldg), cNLS-pGL3 (10 pmailg), NLS*pGL3 (10 pmolig) and
unmodified pGL3. As before, the total cellular Waf polyplex increased over 6 hrs.
The Z-section reconstruction of the 6 hr time p@mgure 5-33) showed that the

polyplexes were in the perinuclear region and apgaesgpatially on top of the cells.
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Figure 5-34Quantitative assessment of Z-series data: 6 hr towese NIH/3T3 cells
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were transfected with 500 ng of Cy3-pGL3 (+/+) @08, 1, 3 and 6 hrs.
Peptide-217 served as the delivery agent (RFNFMR, = 3). NLS is
compared to controls at each time point (panelifx separate experiment
including the same controls, luciferase expressias quantified for a 6 hr
transfection for the purposes of comparing % nualgsake to luciferase
expression (Panel B).* = statistically significgpt< 0.05) compared to
controls.

There is at least one Cy3 label localized to theeus in the case of the NLS-labeled
PGL3 (+/+).

The time course data from the Z-series collectsorepresented graphically in
Figure 5-34A. There is not any distinct gain in leac uptake mediated by Cy3-pGL3-
NLS compared to controls until the 6 hr time poAit6 hrs, 17.5% of the Cy3 signal
was in the nuclei of cells transfected with NLS-@B5The other treatments gave nuclear
localization ranging from 3.5-6.8%. NLS-pGL3 gawarly a 3-fold increase in %
nuclear uptake over controls, and this increasefawsd to be statistically significant
(p<0.05) in each case. The corollary in vitro genereggion experiment was completed
to complement the 6 hr transfection (Figure 5-34Barlier time points are not displayed
here because luciferase expression levels for.8yel@and 3 hr transfections were below
the limit of detection for the assay). The expr@sslata did not correlate with the uptake
data derived from confocal imaging. Rather, lueifer expression was shown to be
decreased by 3-6 fold due to labeling plasmid wither NLS or cNLS at 10 pmol of
peptide peng of pGL3.

The luciferase-expressing plasmid, pGL3 (-/-) warporated in a similar
experiment. pGL3 (-/-) lacks both the SV40 promaied enhancer elements that are
present in pGL3 (+/+). Of particular importancehs absence of the SV40 enhancer
element which contains a 72-bp repeat that has $femnn to be a nuclear localizing
DNA sequence. pGL3 (-/-) was labeled with Cy3 dmeldéxperimental protocol was
identical to that described for pGL3 (+/+). Trartien was carried out for 6 hrs, and the

nuclear localization profile (Figure 5-35) appesimailar to that observed when pGL3



(+/+) was delivered and assessed after 6 hrs. NkIS3-/-) showed that 14.8% of the
Cy3 signal was nuclear localized compared to agafi@.9-4.6% for the control

formulations. Again, NLS-pGL3 showed a 3-fold irese in % nuclear uptake compared

to controls.

25

20 -

15 -

10

s L

0 T T T T
PL-NLS  PL-NLS* PL-cNLS 217

Peptide Labeling of Cy3-pGL3 (10 pmol/ug)

% Cy3-pGL3 in the Nucleus

Figure 5-35Quantitative nuclear localization of pGL3 (-NJH/3T3 cells were
transfected with 500 ng of Cy3-pGL3 (-/-) for 6 hiPeptide-217 served as the

delivery agent (R-Nkf:PO;R, = 3).

NLS-Mediated Increase in Luciferase Expression itnoV
Initial experiments were conducted along the liokegarying the amount of PL-
NLS incorporated into the formulation to observe #ffects of increased covalent
labeling on luciferase expression in a dose-regpéashion (Figure 5-36). Expression

was maximal when pGL3 (+/+) was labeled with 0.lopof PL-peptide pepg. At this
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lowest labeling ratio, expression was greater fflaamid labeled with PL-cNLS or
unlabeled in a standard PEI transfection (RsNIPKyR, = 9). As the labeling ratio
increased to 1 pmaig, the data actually showed a 2-fold decreasexmsgene
expression. Further increasing to 10 and 100 phBLeNLS/ug, expression decreased

by 10-fold and >1,000-fold, respectively, compat@the PEI-pGL3 (+/+) control.

1000

L 107
@
S 100 == =
I3 = - 100 §
o T 5
= *
g 107 = 100 S
3 3
@ B
g 1 10 B
X i Q
i T ©
0.1 163
o)
3
0-01 T T T T T
0 0.1 1 10 100

Labeling Ratio (pmol PL-NL$ig pGL3)

Figure 5-361n vitro luciferase expression from variable lalmgjiwith PL-NLSNIH/3T3
cells were transfected withifs) of pGL3 condensed by PEI (N:P=9). Prior to
PEI condensation, formulations were photo-labeléd RL-NLS at an initial
stoichiometry of reaction designated above. * Regmés statistically
significant difference relative to unlabeled pGhk3+) (p <0.05).

The time course experiment indicates the optimeatitan of transfection which
yields the maximal increase in NLS-mediated luai$er expression as compared to the
relevant controls (Figure 5-37). Under conditioh24 hr cell seeding in 10% FBS
culture media and subsequent transfection in 2% mRB&ia, NLS-mediated expression

(by 0.1 pmolig labeling) was maximized at 18 hrs as it was iaseeby 4-fold over both
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the cNLS and un-labeled control. This increase stasstically significant (p€.05).
Under these conditions, initial expression leveésdetectable at the 3 hr time point, but
no difference in expression levels was observdbtpression levels become normalized

at the 24 and 48 hour time points for NLS relativeontrols.
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Figure 5-371n vitro time course of luciferase expressidliH/3T3 cells were transfected
with 5 ug of pGL3 (+/+) labeled by 1 pmol of PL-NLS p&y . Formulations
were condensed by PEI (R-NEPO,R, =9). Lysate was harvested and
measured for luciferase content in triplicate athetame point. * Represents
statistically significant difference relative to /LS (p <0.05).

The variable cell seeding number allowed for theepation of cells at different
growth rates for a 24 hr transfection. Cells wereded and incubated for 24 hrs prior to

transfection. We observed an increase in normalizeiterase expression of about 1 log
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unit with each log increase in cell seeding num@eily the treatments that had seeded 1
million cells per 35 mm well displayed an NLS-meddhincrease in nuclear uptake
when pGL3 (+/+) was labeled at 0.1 pmol of PL-NL&3 yoy. The increase was 3-fold
over cNLS and 5-fold compared to un-labeled pGL3)#n the case of ftand 106

cells seeded per well, there was no observedtstatisicrease relative to controls

(Figure 5-38).
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Figure 5-38Cell proliferation conditions effect NLS-mediatedrease in luciferase
expressionNIH/3T3 cells were seeded at increasing conceatrsi(10,000 -
1,000,000 cells/well). Each well is transfectedwsiug of pGL3 (+/+).
Plasmid is labeled by 1 pmol PL-NLS peg. * Represents statistically
significant difference relative to PL-NLS (pG<05).

Figure 5-39 displays the results of an in vitrogf@ction that was carried out in
growth-retardant condition (i.e., 0.2% FBS mediglls were transfected withyfg of

pGL3 (+/+) per well and transfected for 18 hrs. Tésults indicate that, under these
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conditions, NLS-labeled pGL3 (+/+) (1 pmady ) had an increase in gene expression of
3-8-fold as compared to cNLS-labeled pGL3 and uwlifrexd pGL3. The increased
expression, in each case was determined to signtfidll treatments of pGL3 (+/+)

were delivered by PEI at a charge ratio = 9.
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Figure 5-391n vitro transfection under serum-starved condifoNIH/3T3 cells were
incubated for 48 hrs in 0.2% FBS media to inducemmitotic environment.
Cells were transfected withylg pGL3. Plasmid was labeled 1 pma@/Avith
PL-NLS/cNLS or un-modified. * Represents statidticaignificant difference
relative to PL-NLS (p <0.05).

In Vivo NLS Effect as Detected by Bioluminescence
Imaging
HD dosing was believed to be a reasonable dosug to observe nuclear

localization by way of increased expression levdlise were HD dosed with 1 ng of
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pGL3 (+/+) and luciferase expression was monit@4dirs later by BLI. Mice that were
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Figure 5-40Hydrodynamic dosing of pGL3 labeled by PL-NLS ahecRLS.A) Mice
were HD dosed with 10 ng of pGL3 (+/+) alone, pGal3eled by 0.1 pmol
PL-NLS/jug, or pGL3 labeled by 0.1 pmol PL-cNI@/. B) Mice were dosed
with 1 ng of pGL3 (+/+) or pGL3 labeled by 10 pniil-NLS/jug. All mice
were imaged 24 hrs later by BLI to measure lucderaxpression. Images
were acquired 4 min after IP dosemsfuciferin (2.4 mg/mouse). Inset images
are representative of each group (scale max’pHd@tons normalized). Error
bars represent standard deviation of the mean=ér(A) and n=3 (B).
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dosed with pGL3 (+/+) labeled with 10 pmol of PL-8llor PL-cNLS pepg showed no
significant change in luciferase as compared tordrol dose of unmodified pGL3 (+/+).
This is an interesting result because we expegdl/jug photo-labeling to give 10-fold
knockdown in expression based on in vitro data. filkan value of NLS-pGL3
expression is increased by >2-fold compared to eaalrol, but the data lacks the
precision to make it statistically significant (8-4). In an experiment with the same
treatment groups, mice were dosed with 10 ng ofp @kt was labeled with 0.1 pmol of
peptide peng of pGL3. There was no difference in expressioelefor this particular
experiment among the dosing (Figure 5-40 B). Thasueed photon flux from all groups
gave a mean value of ~10

IM dosing was concurrently explored for usage asethod to deliver NLS-
labeled pGL3 in vivo. Mice were dosed with NLS-lEzepGL3 and compared to mice
dosed with cNLS-labeled pGL3 and unmodified pGL8uFe 5-41 A represents mice
that were dosed with unmodified pGL3 (left leg atk mouse) as compared to pGL3
labeled with 10 pmol of PL-NL&g (right leg of each mouse). Figure 5-41 B is samil
but compares NLS-pGL3 (right let) to plasmid laletby PL-cNLS (left leg) (Figure 5-
36). Clearly, the mean values for NLS-pGL3 expm@ssire greater than the respective
controls in both A and B. Internally, there areansistencies in this experiment with
some mice not reporting expression. Also, the carspa of expression from NLS-pGL3
from 5-41 A to 5-41 B shows a 3-fold differenceexpression (which is approximately
the fold increase NLS-pGL3 shows over the conti@ach figure). The data from these
20 ug doses of pGL3 are not statistically significant.

Attempts to establish increased confidence in tkesa fell short in a repeated

experiment. The data displayed in Figure 5-42 @se tonsistent than that represented in
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Figure 5-41Intramuscular dosing of pGL3 (+/+) labeled by PL-8lland PL-cNLS20
ug of pGL3 (in 50ul PBS) was IM dosed to the left and right hamstring
muscles of each mouse. In A, the left legs aredlasth unmodified pGL3
and the right is dosed with NLS-pGL3. Panel B corap&NLS-pGL3 (left
leg) to NLS-pGL3 (right leg). All labeling is dora the 1 pmol{ig
stoichiometry and directional references are basetthe viewer’s
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perspective. Inset images of the raw data wereigatj@4 hours after dosing
pGL3 and a subsequent IM dose of 1.2mAgciferin (scale max =
photons normalized).

the previous figure. pGL3 (+/+) shows equivalenamexpression levels to NLS-pGL3
(+/+), and both are increased 4-fold over cNLS-pGt/3). Qualitative assessment (see
figure inset) reveals that several dosing sitesdahanon-reporting and fall below the

limit of detection for the instrument.
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Figure 5-42Intramuscular dose of pGL3 (+/+) labeled by PL-N&SPL-cNLS — 0.1
pmoljg . Mice were IM dosed with 2(g of pGL3 unmodified, labeled with
0.1 pmol PL-NLS4g , or labeled with 0.1 pmol PL-cNL&] . Inset images of
the raw data were acquired 24 hours after dosing3mad a subsequent IM
dose of 1.2 m@-luciferin (scale max = Tphotons normalized).
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As discussed in Chapter 3, expression from an Isedmn show a dramatic
increase in expression by introducing EP to sketetescle tissue at the site of dosing.
Figure 5-43 indicates an overall increase in exgoeslevels (though they are not in
alignment with expected levels compared to Chapteork becausp-luciferin was
administered IP), but did not produce a result ghatved an NLS-specific increase

compared to controls.
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Figure 5-43Intramuscular Dose of pGL3 (+/+) followed by elemporation pGL3 (+/+)
was labeled by PL-NLS or PL-cNLS at 1 pnpgj/ Labeled plasmid or
unmodified plasmid was dosed IM to the hamstringchel— 5ug in 50l of
normal saline (n=4). After 24 hrs, mice were dokedith 80ul (30 mg/ml)
of D-luciferin and imaged 12 min following substratesdoVertical bars and
error bars represent the mean and standard deviatigpectively.
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PL-NLS peptides with 6 amino acid linker regiongeviested in the IM-EP assay
to determine if an increase in the linker lengthuldaallow for increased expression. For
each peptide (PL-6Gly-NLS, PL-6Lys-NLS and PL-6RH0S) the stoichiometry of the
labeling reaction was increased from 0.1-10 pmadeptidejig of pGL3 (+/+). The
corollary experiment was carried out for the colstfor pGL3 labeled by PL-6Pro-NLS
(i.e., PL-6-Lys-cNLS, PL-1Pro-NLS peptides, as WEigure 5-44 A and B). The end
result gave no conclusive data as to notable isereagene expression levels.

Experiments which were centered on an NLS-mediaiee@ase in gene
expression to demonstrate nuclear localizatiomdiddemonstrate any advances in
providing statistically significant data from whiéb draw conclusions. This included
explorations in HD dosing, IM dosing and incorporgtEP. With this in mind
competition experiments were planned in an attampake advantage of the receptor-
mediated cytonuclear transport that is regulatethbyNPC. In data not shown, mice
were IM-EP dosed with NLS and cNLS labeled pGL3-j4and unmodified pGL3 (+/+)
in the presence of wheat-germ agglutinin (WGA). WiSA lectin that is widely known
to bind cytoplasmic nucleoporins of the NPC andumte cytonuclear transport. With
increasing concentration of WGA, the lectin knockiesvn expression of all treatments
to an equal degree. Following that approach, weetlito using a large mol excess of free
PL-NLS or PL-cNLS to act as a competing ligandhatNPC. A lug dose of pGL3 (+/+)
in the presence of 1000-fold mol excess of fredigePL-NLS or PL-cNLS) resulted in
no-change in expression (Figure 5-45). Howeversegeknockdown when adding
10,000-fold mol excess, but both NLS and cNLS kmwloein expression (by 11-fold and
3-fold relative to the pGL3-only control, respeeiiy).

Studies conducted in the area of DNA-based nutéegeting sequences
indicated that the often-used pGL3 (+/+) plasmid/in@ problematic when searching for
an NLS-related effect. As a result, pGL3 Promoté+) (plasmid was used, as it does not

contain the SV40 enhancer element — known to haekear localizing properties.
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Figure 5-44IM-EP dose of pGL3 (+/+) labeled by 6 amino acidkier analogsA) Mice
were IM-EP dosed with ig pGL3 unmodified (bioluminescence represented
by the dashed line), and pGL3 labeled with 0.1,ah® 10 pmol of PL-6Gly-
NLS, PL-6Lys-NLS or PL-6Pro-NLS — all on a peg basis. Images were
acquired 24 hrs following IM-EP dosing of pGL3 amdubsequent IM dose
of 1.2 mgD-luciferin. Vertical bars represent the mean, amdrebars
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indicate the standard deviation (n=4). B) Mice widleEP dosed with 1.g of
unmodified pGL3, or pGL3 labeled with 1.0 pmol df-BPro-NLS, PL-1Pro-
NLS or PL-6Pro-cNLS — all on a pgg basis. Images were acquired 24 hrs
following IM-EP dosing of pGL3 and a subsequentdbvke of 1.2 m@-
luciferin. Vertical bars represent the mean, amdrdyars indicate the standard
deviation (n=4).

The expectation remained that NLS-labeling of pGt/3) would improve nuclear
localization and increase gene expression. Howdhverspecific focus was modified to
target pGL3 that lacked the aforementioned SV4@eoér element. We hypothesized
that the increase in expression from pGL3 (+/-glat by NLS would be greater than the
differences we have been observing between pGlH (abeled by PL-NLS and the
respective controls. Specific results from the ddYean group showed a 3 to 4-fold
increase in expression from the SV40 enhancer-songaplasmid compared to a control
plasmid when dosed by IM-EP methods in skeletalatetfS. Furthermore, they
demonstrated a 10-fold increase after 1 day ar@fald increase 3 days after dosing in
mesenteric vasculature by EP metfi8dsGL3 (+/-) is not predicted to have an inherent
ability to nuclear localize, so we set-out to lathe$ plasmid with PL-NLS and exploit
this characteristic.

This line of experiments involved labeling pGL3-with PL-NLS and
observing expression over an extended time cotiigarge 5-45). On day 1, pGL3 (+/+)
showed >10-fold increase in expression levels allather dosing groups. Also on day
1, 2 pmol and 20 pmol labeling with PL-NLS showefbll and 1.5 fold increases,
respectively, over unmodified pGL3 (+/-). All pGI(8/-) treatments showed uniformed
decrease in luciferase levels through day 27 athvpoint expression plateaued. pGL3
(+/+) expression levels dropped up much more quickthe early stages and actually
decreased below that of the labeled pGL3 (+/-)7at@ys. It is noteworthy, here, to

recognize that we see observable expression byd3[4140 days in all treatment groups
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Figure 5-45Influence of free peptide on bioluminescence faoniM-EP dose of pGL3
(+/+). Mice were IM-EP dosed with 1g pGL3 in 50 ul of normal saline. The
dose contained no free peptide (gray bar), 1,0000@00-fold mol excess of
PL-NLS (black bars) or PL-cNLS (white bars). Af&t hrs and an IM dose of
D-luciferin (1.2 mg in 4Qul PBS), and bioluminescence was quantified 10
min following substrate dose. Vertical bars repn¢see mean (n=4), and
error bars for both data sets represent the stdmbasiation.

Experimental validation was pursued by recreatimgstudy to include cNLS-modified
pGL3, as well as increasing the power of the expent by adjusting the sample size to
n=6 in anticipation of finding statistically sigrd&nt results. The data are quite similar to
that observed in the previous experiment, withctugial difference being that pGL3(+/-)
is now shown to display increased expression lewats other treatments through the
extended time course (Figure 5-46).

The ExtSV40 peptides were tested for activity by skandard IM-EP protocol.

Expression levels were measured on day 1 and dé&ylld@ing bolus dose of pGL3 (+/-
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Figure 5-46.Time course of luciferase expression — IncorpoaidNA- and peptide-
based NLS sequencedglice were IM-EP dosed with [1g of unmodified
pGL3 (+/+) (solid circle) and (+/-) (open circle®y, pGL3 (+/-) labeled with
2.0 (filled triangle) or 20 pmol (open triangle)BE-NLS — on a peng basis.
Images were acquired periodically out to 141 daylewing plasmid dosing.
On each day, BLI was carried out 10 min followihg dose of 1.2 m@-
luciferin. Vertical bars represent the mean, amdrdyars indicated the
standard deviation (n=4).

). We did not observe any NLS-mediated increadedifierase expression when plasmid

was labeled by the PL-ExtSV40 sequence (Figure)5-47

Discussion
Biological studies with PL-NLS/cNLS peptides werependent on our ability to
first synthesize PL and the PL-peptides. We cordarthe identity of PL and the fact that
it was incorporated at the N-terminus of NLS-comitag) peptides by several methods.

Characterization of the peptide by ESI-MS and camspa of the observed mass to the
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Figure 5-47 Follow-up Time course of luciferase expressioneetporating DNA- and
peptide-based NLS sequencdtice were IM-EP dosed with (g of
unmodified pGL3 (+/+) (solid circle) and (+/-) (apeircle), or pGL3 (+/-)
labeled with 2.0 (filled triangle) or 2 pmol (opt&rangle) of PL-cNLS — on a
perug basis. Images were acquired periodically ouffta@ys following
plasmid dosing. On each day, BLI was carried outnif® following IM dose
of 1.2 mgpD-luciferin. Vertical bars represent the mean, amdreoars
indicated the standard deviation (n=6).

calculated mass was the most significant confiromatif PL identity and its incorporation
into the peptide (Table 5-1). In addition, there@veo other chromophores in the classic
NLS sequence or any of the variable linker amindsathat have been used. The
observation that all PL-peptides had a maximum @ddaswe value at 258 nm confirms

the presence of PL (and the observation of a sipegék when assessing the crude peptide
was an indication that PL is at the N-terminus)e photo-degradation characteristics

were easily identifiable by successive photo-flagrand absorbance measurements.
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Figure 5-481M-EP dose of pGL3 (+/-) labeled by ExtSV40 pestitiéice were IM-EP
dosed with Jug of unmodified pGL3, or pGL3 labeled with 1.0 pnedIPL-
ExtSV40-NLS or PL-ExtSV40-cNLS- all on a pey basis. Images were
acquired 24 hours following IM-EP dosing of pGL3Jaagain one month
later. BLI was carried out 10 min following IM dos&1.2 mgp-luciferin.
Vertical bars represent the mean, and error bdisated the standard
deviation (n=4).

Further, photo-flashing PL-peptides in the preseiqaGL3 induced an observable band-
shift as the samples were covalently labeled. Busly, it has been shown that photo-
labeled pDNA remains in the supercoiled f&th- a significant finding since linear
dsDNA is much more susceptible to nucleases.

Studies in the formulation of peptide-DNA conjugas#iowed for an
understanding of the protocol for photo-flashinmpées for covalent labeling. Defining

the molar absorptivity for PLe€14,951 M'cm™) allowed us to confirm the concentration
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of peptide and precisely control the initial staashetry of the photo-labeling reaction.
The photo-degradation experiment demonstrateddthahoto-flashes were required to
fully “photo-activate” PL-peptide. This type of pfoslabel decomposition has been
previously used to determine the requisite levélsradiation'®2 Biological studies in
vitro (both confocal and luciferase expression expents) required NLS-pGL3 to be
delivered as a condensate. The information deffireed the particle-sizing experiment
was valuable as it gave us confidence that obskrwaiability between treatments was
not related to any differences in particle size.

The experiments with the iodinated PL-NLS-Y allowesito make confident,
guantitative measurements as to the extent of ghbwling. The identity of PL-NLS-Y-
129 was confirmed by Sephadex G-10 elution and thiret chromatography coupled
with phosphorimage analysis. Theg€artridges used in solid-phase separation were
important to the process of optimally purifying RIL-S-Y-'23 from free radioactive
iodide. The log-linear plot of photo-labeling eféaocy is valuable in predicting the mol
relationship regarding peptides labeled onto argplasmid. As discussed previously,
there are contrasting viewpoints represented iritérature by notable figures in the
field regarding the number of peptides that wodkekily be labeled onto a plasmid to
maximize nuclear uptak®'° Though we utilize a random labeling method, tige
below (Table 5-3) shows the utility with which wanccalculate an expected mol:mol
labeling ratio. Notably, we see that it is an adiphoto-labeling stoichiometry of ~2 pmol
of peptide peng of pGL3 that is predicated to yield a 1:1 ratigpeptide labeled onto
PGL3 (+/+).

The experiment investigating the stability of tlevalent bond between peptide
and pGL3 demonstrated that the bond can be regasisthble at near-physiological
conditions. The experiment is significant in ligiitthe positive control which triggers
dissociation between the peptide and pGL3 via lsas&lyzed depurination. The pH 11.5

conditions show loss of the peptide-pGL3 covaletdtronship via a decrease in



radioactivity following successive ethanol-preaibns and incubation over a time

course of 48 hrs.

Table 5-3. Mol ratio of photo-labeling (peptide siaid)

10 pmol/pgreaction 1 pmol/pgreaction  1.95 pmol/ g reaction

plasmid size (kbp) 53 53 53
total bases 10,600 10,600 10,600
plasmid mol wt (ug/ pmol) 345 345 3.45
plasmid wt/rxn (ug) 14 14 14
plasmid/rxn (pmol) 4.06 4.06 4.06
peptide/ rxn (pmol) 140 14 27.3
initial reaction stoichiometry (pmol/ pg) 10 1 1.95
%bound =0.21 x In(initial pmol/pug) +0.136 18% 14% 15%
peptide amount bound (pmol) 25.81 1.90 4.10
mol ratio (peptide:plasmid) 6.35 0.47 1.01

The confocal microscopy experiments specificallgiradsed the goal of
incorporating PL-NLS into a non-viral gene delivemctor. That is, we predicted that an
NLS would improve the nuclear localizing ability @labeled plasmid; however, the
more general goal of achieving an increase in gemsfer efficiency was based on an
assumption that there is a direct and measurabtelaton between nuclear uptake
efficiency and the efficiency of transgene expm@ssin the experiments of Z-series
acquisition, we saw qualitative evidence of uptakkeNLS-labeled Cy3-pDNA.
Quantitatively, we have utilized a method by whichmeasure this effect. It was shown
to be present when 10 pmol of PL-NLu§/of Cy3 pGL3 was used in transfecting pGL3
(+/+ and pGL3 (-/-) in independent experiments. Toeelative experiment for
expression verified that we may be making the af@mtioned assumption in error as
there is no increase in gene expression by theulation that was shown to more

efficiently target the nucleus.
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In vitro and in vivo experiments were focused ooducing an NLS-specific
effect in the form of an increase in transgene esgion. As seen in the figures above,
there was some success in achieving that goathbsé expression experiments were met
with challenges. Perhaps the experiment most itidecaf these challenges was the in
vitro comparison of expression from pGL3 (+/+) ledgbwith increasing amounts of PL-
NLS. Even at 10 pmqlf, we observed a significant decrease in transgepeession.
This labeling ratio produced the greatest amoumiuafear uptake, but happens to be one
which knocks down expression. This makes the sgtdesxecution of these
experiments precarious. Another conclusion thatbeamade from the in vitro data is
that there is a time course and cell growth-rafgeddent factor — both of which could be
encompassed in the hypothesis that cells are estjtorbe non-dividing in order to
observe an NLS-related increase in gene expredSitierwise, polyplexes are randomly
and efficiently targeted to the nuclei restructgtin cells that are undergoing mitosfs

Based on our extensive work with in vivo dosing inoels — HD delivery to the
liver and IM-EP dosing of skeletal muscle — we ehtusfocus on observing an NLS-
mediated increase in gene expression in vivo. f@mgins to be an effect that has yet to
be reliably demonstrated in vivo by a non-viralidedy system. In addition, we
recognized in vitro to in vivo disconnect in expeental results:

The perceived necessity of non-dividing or postetistcells lead us to pursue IM
dosing as the most promising in vivo route of dely Our early experiments with HD
dosing did not yield any notable results, the maddma of HD delivery is unknown at the
intracellular level, and there is speculation witthe literature that HD dosing induces
mitosis in hepatocytes. On the other hand, thelieersiture precedent for IM dosing
coupled with EP in observing an NLS-effect in vivdso, skeletal muscle cells are post-
mitotic and multinucleate — properties that coubdgmtially increase an NLS effect.

Results from work described in Chapter 3 indicdked we could consistently

achieve measurable luciferase expression followidgg dose of pGL3 by IM-EP



protocol. This was valuable information that waplegal to searching for an increase in
expression based on variable stoichiometry of lagetith NLS-containing peptides that
contained 6 amino acids in the linker region. Wetfet ligand presentation (i.e., NLS
relationship to pGL3) was an important factor imleling binding by Importine. For this
reason, the NLS peptides that contained the lolngesr region were thought to be
promising due to their ability project the bingisgguence from the plasmid and reduce
inhibitory steric effects. Although, the resultslicated some increase in expression over
a pGL3 un-modified control, the follow-up experimémtroduced additional controls that
showed NLS to have no effect.

Success in gain-of-expression experiments wasveluso we turned to in vivo
experiments that were hypothesized to predict mudtealizing function based on
competition at the NPC. The IM-EP experiment ineal\pGL3 (+/+) which is known to
have inherent nuclear localizing character. We etqukthat an excess of PL-NLS would
preferentially occupy endogenous machinery at dewed of nuclear translocation and
out-compete the plasmid, which is targeted to tRENY the same mechanism.
Likewise, excess PL-cNLS was co-delivered with pGt3-) and not expected to
knockdown expression to the same degree. The elifterin the degree of knockdown
was not significant, but may hold promise as a etio assay for potent NLS analogs.

In the final attempts to demonstrate an in vivo Niffect, we turned to using a
plasmid, pGL3 (+/-), which lacked the SV40 enharelement and presumably, the
ability to inherently target the nucleus. As in\paeis biological experiments, the initial
study turned out to be positive, but further expemtation with increased levels of
control treatments were not able to produce theioomg data we desired.

The methods and results for in vivo experimentsasgnt a sampling of
approaches that were followed in pursuit of our afrdemonstrating an NLS-dependent
increase in gene expression in vivo. The followexgeriments, described briefly, offer

further detail of our thoughts throughout this @e&. In line with the experiment
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incorporating excess free peptide, we also attetnjot@ut compete pGL3 (+/+) and
NLS-labeled pGL3 with wheat germ agglutinin (WGRYGA is a lectin known to bind
with strong affinity to the NPC, so we hypothesizleat co-delivery of WGA and nuclear
targeted plasmid would result in decreased expressithose plasmids versus control-
treatments. We pursued the hypothesis that heigbtBih.S labeling (>100 per plasmid)
would lead to increased nuclear uptake. It wasals/that this excess labeling would
lead to greatly diminished expression levels, sagex restriction endonucleases to
remove a non-coding segment of the plasmid, hedallgled it with PL-NLS or PL-

cNLS, and attempted to ligate the fragment baak hé plasmid. However, expression
remained greatly diminished and to the same efterach peptide. Also, ligation was
challenging due to ligase not recognizing the attesubstrate. As a final example, we
incorporated a widely used approach for normalitirniferase expression. We attempted
to reduce dose-to-dose variability by co-delivenagsmids encoding botPhotinus

pyralis andRenilla luciferase. By this method, we would normalizefly luciferase
expression for each dose to sea sponge lucifexgsession to increase precision of
measurement. Unfortunately, the substratd=fmilla, ceoleterazene, has a great amount
of autoluminescence, and though the substratesoareaoss-reactive between species, an
equal dose of ceoleterazene gives identical bialesdence in the presence or in the

absence oRenilla luciferase.
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CHAPTER 6
STRATEGIES IN NUCLEAR LOCALIZATION: A REVIEW OF THE
RESULTS AND EXPANDED DISCUSSION

HD Dosing as a Potential Route to Observe an NIf&CEf

In Vivo

Our plan to develop peptides for nuclear local@athegan with defining in vivo
assays which would give us robust methods to medsamsgene expression in vivo. The
first of these involved the hydrodynamic dosingteod a method which is widely
recognized as very efficient at achieving livereséive transgene expression. In these
studies, we systematically varied dosing and inggisrameters to optimize the BLI
readout. BLI is rapidly becoming the most widelgddorm of in vivo analysis of gene
transfer efficiency. HD dosing is the most effidiéorm of non-viral gene delivery to the
liver, and we used it in conjunction with BLI tofaee the benchmark for attainable in
vivo expression from a non-viral system. We wergthe first to use either method, but
we can make a conclusion about this idealized syst#b dosing produces significant
expression levels from pDNA which could possiblydtained if a non-viral vector,
dosed systemically, was strategically designedsgnthesized to circumvent barriers
associated with primary, secondary and tertianyettang. This amount of gene product
produced has been shown to be therapeuticallyartam mouse models of some disease
states. A dose-response effect of this magnitudaldibe recognized as “setting the bar”
for expression that could be attained by non-\dedivery methods.

In addition to highlighting the expression potehtiam DNA, HD dosing was
considered a reasonable delivery route for dematisty an NLS-mediated increase in
gene expression based on rationalizations andifgsdin the literature. First, the rapid,
high volume dose meant that the duration of plagmttie systemic circulation would be

short. Thus, the exposure to damaging DNases dmad systemic factors that could
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inhibit circulation of a polyanionic macromolecwere minimized. Evidence of this is
the high levels of expression that were observédvitng HD dosing — clearly, DNase
digestion was minimized if expression of that magpe was achieved from a relatively
small dose of pGL3. Second, work from the labosatdrJohn Wolff indicated that there
was an observable size-exclusion cut-off of DNA tieached the nucleus when HD
dosing DNA of varying lengtH&® The observed relationship between DNA size and
nuclear uptake suggested that cytonuclear trang@wistill controlled by the NPC in
this dosing route. Wolff suspected that the nucteselope was still in place as a barrier
for intracellular trafficking since nuclear uptatecreased when DNA was larger than
200 bp. Given that other literature references sestggl that we could optimally load
hepatocytes by HD dosing, and assuming that tgrizeigeting remained the only
significant barrier to intracellular trafficking,exconcluded that pGL3 labeled with an
NLS would then be preferentially trafficked to thecleus, and an NLS-related increase

in transgene expression would be observed.

IM-EP Dosing as a Potential Route to Observe an NLS

Effect In Vivo

We also investigated intramuscular dosing in asdgei with electroporation as
an additional route by which to observe an NLSteelaffect in vivo. The literature in
this area allows us to more confidently concluas tM-EP dosing is a reasonable route
to observe nuclear localization. The work of Dabigln played a significant role in
shaping this idea. Work in his lab produced resuhigch demonstrated that nuclear-
targeting transcription factors had high affiniby Epecific DNA sequences. They
demonstrated that DNA containing these known setpgewas selectively targeted to the
nucleus based on nucleotides alone. Quite signifisas the contribution that showed in
vivo evidence that DNA containing this nuclear llimag sequence was selectively

taken-up by nuclei in these cells and displayedeiased expression in a NLS-specific
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manner. It is significant to note that the intr&adar machinery harnessed by the Dean
approach (i.e., DNA-based NLS) has been shown tbdsame (importin; importinf3
via the NPC) as that which we expect to take acgmof with our peptide-mediated
method. In short, there is a literature precedentM-EP being used to show the type of
NLS effect that we were attempting to capture.

Another factor that made us confident in the IM+l&Bte was that more was
known about the specific intracellular mechanisnwibych EP allows for enhanced
transgene expression. The membrane permeabilizatmeated as an effect of the
membrane potential across the cell membrane. Iprémsence of an electric field,
instability and morphological changes are induaedl the membrane becomes
permeable. However, a similar membrane potentiasamt exist across the nuclear
membrane. As a result, introduction of an eledteild would not be expected to trigger
that same type of DNA electrophoresis from the glgem to the nucleus. This was
reiterated by Dr. Richard Heller at theé™annual meeting of the American Society of
Gene Therapy, Seattle, Washington. Heller is orteefeaders in clinically applying this
type physical delivery of naked DNA. Heller expetthat this type of approach would

prove advantageous for observing an NLS effect.

HD Delivery and RNAI: an Aside from Nuclear Taraqeti

The experiments and results from Chapter 4 detiatbe the overall focus of
nuclear targeting effects. In fact, a componenhi strategy for knockdown is attractive
because it contain® nuclear targeting requirements. That is, siRNAirgtional in the
cytoplasm where it couples with RISC and mediatesd cleavage of its corresponding
MRNA. Nonetheless, RNAI is quite significant inHigof the breadth it contributes to the
field of gene therapy. Since the time of its disenyy RNAI has been rapidly advanced

toward becoming a therapeutic platform. This pathean be induced to knockdown
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aberrant protein over expression. The ability & tkese dSRNAs in vivo is a significant

contribution as an in vivo assay for quantifyingpkkdown of expression by RNAI.

Testing Nuclear-Targeted Non-Viral Gene Delivery

Vectors In Vivo

Nuclear targeting of non-viral vectors is a keyrmproving transfection
efficiency of these systems. We have discusse@tiig extensively and have also
discussed the reasoning for incorporating the deptcovalently by the random photo-
labeling method. In experiments closely relateducs, Scherman and co-workers had
previously reported a similar method of covaletlyeling DNA and, like us, showed
results that indicated functional assays of gemeession were largely unsuccessful. We
felt that a major complicating factor with theirpmpach was the incorporation of a
sterically bulky fluorophore in the linker regiobgtween 4-azido, 2,3,5,6-
tetrafluorobenzoate and the N-terminus of the NO®g strong fluorescence emission
allowed them to quantify covalent adduction of DNbit also may have diminished NLS
ligand recognition by Importin-due to the presence of the large fluorophore. Base
the modification we made in removing the fluoroghdhis labeling method allowed us
the most conceivably facile methods to synthesmktast several different PL-NLS
analogs in viva®

In translating our findings of optimal nuclear uggan confocal experiments to in
vitro experiments for gene expression, we obselvesk and inconsistent evidence that
NLS could mediate an increase in transgene exomessiNIH/3T3 cells. Our experience
and observations of in vitro assays indicated ttiatmay not be a reliable method by
which to show expression levels that would traeslata reasonable conclusion on an
NLS effect. This notion of an in vitro to in vivasdonnect is well established in the field

and was recently highlighted in a review articlepmtymeric non-viral vectors written by
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Earnst Wagner. Wagner states, “Regrettably, im\aéll culture has only very limited
predictive value for in vivo gene transféf’

The in vitro transfection efficiency of mammaliaglls is still widely used as an
initial predictor of in vivo gene transfer efficienfor experimental non-viral vectors.
Peptides, dendrimers, lipids, and other polymey® lieeen engineered to be efficient in
vitro gene transfer agents. Non-viral vectors aedggored for routine in vitro gene
delivery because, compared to viral vectors, theyireexpensive, easy to use, safe to
handle, and produce acceptable levels of trangemt expression in a variety of cell
lines.

The protocol for in vitro transfection involves foation of pPDNA polyplexes or
lipoplexes, to yield cationic colloidal particlestivsizes typically ranging from 50-250
nm in diameter. When added to cultured mammalidle,dbese particles sediment to
form intimate contact with the cell surface. Thar@ary mechanism by which cationic
DNA nanopatrticles are internalized is pinocyto$ise net positive surface charge on
particles initiates this action once in contactwiie net negative charge of proteoglycans
or glycoproteins on the cell surfd€2 The proliferative state of cells greatly influesc
the transfection efficiency through control ovee tiptake pathwa$’*°’ The gene
transfer efficiency is known to be significantlygaaiented by active cell proliferation due
to a depleted nuclear membrane resulting from @awcekstructuring.

Investigations into the active nuclear targetindddfA have also been primarily
conducted in vitro with the hope that this conaeititboost in vivo gene delively®,
However, the rapid cell division of almost all ciles used, relative to the quiescence of
most cells in vivo, confounds most attempts to wtuansport of DNA through the
nuclear pore complex in a controlled in vitro eowiment. The DNA gains access to the
nucleus in mitotic cells during the cell divisiomen the nuclear membrane is leaky or

poorly formed due to restructuring events in M-ghas
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Many investigators have assumed that optimizedteation in vitro will
correlate with the same in vivo; whereas, more thdecade of experience has taught the
field that this is rarely true of a non-viral gesteivery system. The reason for this lack of
in vitro-in vivo correlation is obviously related barriers that exist in vivo that can not
be simulated in a tissue-culture environment.

It is important to note that in vitro transfectierperiments are valuable and
necessary to draw initial conclusions regarding leawier modifications improve gene
transfer efficiency. There are many examples inctvim vitro transfections have been
used to demonstrate the specificity of ligandsnrasiempt to improve selectivity relative
to non-specific transfectidff*® Likewise, investigations into endosomal escapeha
yielded much valuable information regarding the haggsms by which proton-sponging
or fusogenic activity can be functional in achieysecondary targeting. However, PEI,
fusogenic peptide, and cationic lipids dramaticaljuence the properties of DNA
polyplexes and lipoplexes. The physical propeidiésct their interaction with blood
components and alter biodistribution. PEI and cetidipids are also poorly metabolized
and cause inflammation, all of which contributettack of in vitro-in vivo correlation
for these relatively simple gene transfer agentsally, it is seldom recognized that free
PEl is largely responsible for the endosomal buftgeffect in cell culture and that this
concentration of free PEI is unattainable in ag¢aagll via systemically delivered non-
vectors.

In light of the noted lack of in vitro/in vivo catation, and considering that we
optimized two in vivo delivery routes with BLI deteon of luciferase expression, we
placed an emphasis on in vivo work rather thantmo experiments. This focus was
influenced by our experience level, understandingjrainished in vitro/in vivo
correlation and the fact that demonstrating an MiefHated effect in vivo would be
quite novel for peptide-mediated transfection. Uniioately, reliable evidence of an

NLS-related increase of in vivo expression wasie&dNe could not confidently



conclude that NLS-modification had any effect angfection efficiency. In vivo assays
are inherently less precise though we optimizechoud and standardized protocols for
dosing and imaging mice. Several factors may haenlin play to decrease the
reliability of our results.

When the data do not support the hypothesis, are ik no clear reason as to
why, several possible reasons can be entertaimetl.aRd foremost (because it is based
on our experimental observations), we observedthessa 5-fold increase in nuclear
uptake in vitro from confocal experiments. Consiggthe above discussion and the
value of in vitro experiments, it should perhapsm®surprising that an in vivo
experiment designed to give a more disconnectedtri@®., gene expression rather than
just nuclear uptake) did not produce reliable riss#lso following from our own
experiments, we observed that a labeling ratioOgbprholfig (corresponding to ~10
peptides covalently labeled onto each plasmid) apisnal for mediating nuclear uptake.
We also observe that this level of labeling knoclledin gene expression by greater than
an order of magnitude. The modification that enleangotake also hampers our cause by
contributing to a decrease in expression. The espya knockdown data can be reliably
observed in vitro and in vivo, and was confirmedhe literature by a similar strategy for
introducing an NLS. This factor has been identifesdhe most probable reason for not
achieving the in vivo aim. The discussion continwéh additional factors that could
have played a role in confounding the results.

Second, luciferase has been shown to be immunqggenio ICR mice it is
possible that there is an expression maxima thetiby the immune respon&e Third,
data collected via both IM and IP dosing routes-@iciferin display no relative
difference in expression levels between doses.abselute levels changed based on the
route of substrate administration, but relativeregpion remained consistent (data not
shown). As a result, we can conclude that the tiananust be introduced at the moment

of pGL3 dosing. We have strived to improve dasle improved on consistency in this
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regard, but the inherent lack of precision may gbuate to the absence of statistically
significant results.

Going a step further, perhaps neither of the idedlin vivo delivery systems
allows for the observation of a detectable NLS@ffeom non-viral vectors. As
discussed previously, there is literature precedeat least relevant data in the literature
that has lead us to believe that either IM-EP dpsmHD dosing would be a reasonable
method by which to test these non-viral vectorsweieer, it has also been discussed and
noted that there remains a ‘black box’ surroundiogie of the steps involved in
intracellular trafficking and nuclear targeting faich delivery method. Parameters
within these “black boxes” may be hampering ouligttio see the desired effect.

Regardless of the results, we have implemented weatetermined to be the
requisite of controls in reasonable experimentsughout this project. Properly
controlled experiments proved valuable in avoidimgleading conclusions of a positive
NLS effect, and lead us to explore several distiticitegies to demonstrate an NLS-

mediated increase in gene expression from our mahwectosr.

Conclusions

After reviewing experiments, results and drawingatosions, it is clear that
introducing an NLS via covalent adduction of pGLyBdhoto-chemical methods did not
produce a non-viral vector that was superior imgeof its ability to mediate transgene
expression in vivo. However, there are a multitalendogenous examples in every cell
where this pathway works to target proteins tortheleus. It seems reasonable that a
peptide-labeled plasmid could utilize the signalraghways and to traffic a non-viral
vector with an NLS to the nucleus (once appropiyatcognized by endogenous
shuttling proteins) in the same way as a nuclezalining protein.

In our estimation, the required experiments anglary for nuclear localizing of a

non-viral vector to be sufficiently tested. Thatuse have worked through the proper



experiments of increasing complexity, included pheper controls, but have not
observed reliable, consistent, or statisticallygigant data. One experiment at the most
basic level that we did not pursue was demonsgadtinding affinity of Importine to the
NLS. This type of experiment was not given a higioqity early in the planning stages
because it had been widely demonstrated in thaiuee that all peptides containing the
classic SV40 sequence reliably showed strong &fffor Importin-o.

Regarding the literature in this area, there sng ltrail of very limited success. It
is relevant to note that there has not been a tscege in publications related to this
aspect of the gene therapy field. A heighteneddanusiRNA (functional in the cytosol)
and its potential as a therapeutic platform mayesponsible for the departure. In
addition, there is a focus on the finding more digyed and functional, physical methods
to deliver DNA. These physical methods of delivarg often more clinically acceptable,
and a clinical trial with a molecular conjugatettisadosed systemically requires
significantly development to reach the same levelfficiency. Also, approaches like
electroporation or a modified HD dose remove atlggns of venous injection/delivery
of the biomolecule, and it is delivered directlythe site of action. Physical methods may
be less-toleratepharmaceutically, but they allow for proof-of-principle experimeritsat
continue to advance the therapeutic relevancenohaviral approach to gene delivery.
For all of the ability to understand the aberrat@n expression responsible for a
disease state, identify the associated DNA/mRNAiseges, and define the required
nucleotides to increase or decrease gene exprefisgability to successfullgeliver
functional nucleotides remains the most significgrdllenge associated with gene

therapy.



10

11

12

13

14

15

17C

REFERENCES

Mancheno-Corvo P, Martin-Duque P (2006). Virahgé¢herapyClinical &
Translational Oncology; 8 (12): 858-867.

Fire Aet al. (1998). Potent and specific genetic interferencdduble-stranded
RNA in Caenorhabditis elegarsature; 391 (6669): 806-11.

Konopka Ket al. (2005). Serum-resistant gene transfer to oraleracells by
Metafectene and GeneJammer: application to HS\&tlidglovir-mediated
cytotoxicity. Cellular and Molecular Biology Letters; 10 (3): 455-470.

Pietersz GA, Tang C-K, Apostolopoulos V (20&yucture and Design of
Polycationic Carriers For Gene DeliveMini Reviews in Medicinal Chemistry; 6
(12): 1285-1298.

Pietersz G, Tang C, Apostolopoulos V (2006)u&itre and design of
polycationic carriers for gene deliveiini Rev Med Chem; 6 (12): 1285-1298.

Hwang S, Davis M (2001). Cationic polymers fongelelivery: designs for
overcoming barriers to systemic administratiGarr Opin Mol Ther; 3 (2): 183-
191.

Godbey WT, Wu KK, Mikos AG (1999). Tracking timtracellular path of
poly(ethylenimine)/DNA complexes for gene delivePyoceedings of the
National Academy of Sciences of the United States of America; 96 (9): 5177-81.

Heidel J, Mishra S, Davis ME (2005). Gene Therapd Gene Delivery
Systems: Molecular Conjugatddeidelberg, Springer Berlin / Heidelberg.

McKenzie Det al. (2000). Low molecular weight disulfide cross-lingipeptides
as nonviral gene delivery carrieBoconj. Chem; 11 901-909.

Dash PRt al. (1999). Factors affecting blood clearance andvo distribution
of polyelectrolyte complexes for gene delive®ene Therapy; 6 643-650.

Nomura Tet al. (1998). Effect of particle size and charge ondisposition of
lipid carriers after intratumoral injection inte$iue-isolated tumors.
Pharmaceutical Research; 15 (1): 128-32.

Brannon-Peppas L, Blanchette JO (2004). Naniofeaend targeted systems for
cancer therapyAdvanced Drug Delivery Reviews; 56 (11): 1649-1659.

Read MLet al. (2005). A versatile reducible polycation-basedeysfor efficient
delivery of a broad range of nucleic acitsicleic Acids Research; 33 (9): e86.

Kwok KY, Yang Y, Rice KG (2001). Evolution ofass-linked non-viral gene
delivery systemsCurrent Opinion in Molecular Therapeutics; 3 (2): 142-146.

Yang Yet al. (2001). Cross-linked Low Molecular Weight Glycopdp
Mediated Gene Delivery: Relationship Between DNAtab®elic Stability and the
Level of Transient Gene Expression In VidoPharm. Si.; 90 2010-2022.



16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

171

Takakura Yet al. (1999). Characterization of Plasmid DNA Bindinglddptake
by Peritoneal Macrophages from Class A Scavengeefier Knockout Mice.
Pharmaceutical Research; V16 (4): 503-508.

Hisazumi &t al. (2004). Significant role of liver sinusoidal enddelial cells in
hepatic uptake and degradation of naked plasmid Bft& intravenous
injection.Pharm. Res.; 21 (7): 1223-1227.

Li Set al. (1999). Dynamic changes in the characteristiasatibnic lipidic
vectors after exposure to mouse serum: implicationstravenous lipofection.
Gene Ther.; 6 (4): 585-594.

Read ML, Logan A, Seymour LW (2005). Barrier$3ene Delivery Using
Synthetic Vectors. Advances in Geneti¢sC. Hall, J. C. Dunlap, T. Friedmann
and V. van Heyningen, Academic Pres%. 19-46.

Ishida Tet al. (2006). Injection of PEGylated liposomes in rdisits PEG-
specific IgM, which is responsible for rapid eliratron of a second dose of
PEGylated liposomed. Control Release; 112 (1): 115-125.

Blessing Tet al. (2001). Different Strategies for Formation of PHEggd EGF-
Conjugated PEI/DNA Complexes for Targeted Geneveeyi. Bioconj. Chem; 12
529-537.

Sudimack J, Lee RJ (2000). Targeted drug dglivier the folate receptoAdv.
Drug. Deliv. Rev.; 41 (2): 147-162.

Martin ME, Rice KG (2007). Peptide-Guided Gerediiery. The AAPS Journal;
9(1): E18-E29.

Wu GY, Wu CH (1988). Evidence for Targeted GBeévery to Hep G2
Hepatoma Cells in VitrdBiochemistry; 27 (3): 887-892.

Wu GY, Wu CH (1988). Receptor-mediated Geneveg}i and Expression In
Vivo. J. Biol. Chem.; 263 (29 (15 October)): 14621-14624.

Frisch Bet al. (2004 ). A New Triantennary Galactose-Targeted A&@d Gene
Carrier, Characterization of Its Complex with DNsfyd Transfection of
Hepatoma Cells.Bioconjugate Chemistry; 75 (4): 754-764.

Kwok KY, Park, Y., Yongsheng, Y., McKenzie, D.Rice, K.G. (2003). In Vivo
Gene Transfer using Sulfhydryl Crosslinked PEG-oepGlycopeptide DNA Co-
Condensates). Pharm Sci; 92 (6): 1174-1185.

Morimoto Ket al. (2003). Molecular weight-dependent gene transiadictivity
of unmodified and galactosylated polyethyleneinonenepatoma cells and
mouse liverMol. Ther.; 7 (2): 254-261.

Hildebrandt &t al. (2003). Optical imaging of transferrin targeted/PRA
complexes in living subject&ene Therapy; 10 (9): 758-764.

Collard WTet al. (2000). Biodistribution, metabolism, angvivo gene
expression of low molecular weight glycopeptideyetihylene glycol peptide
DNA co-condensatesournal of Pharmaceutical Sciences; 89 (4): 499-512.



31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

172

Yasuda H (2008). Solid tumor physiology and hygenduced chemo/radio-
resistance: novel strategy for cancer therapyicrotxide donor as a therapeutic
enhancerNitric Oxide; 19 (2): 205-216.

Fenske D, Chonn A, Cullis P (2008). Liposonaiamedicines: an emerging
field. Toxicol Pathol; 36 (1): 21-29.

Belur Let al. (2007). Lung-directed gene therapy in mice ushegrtonviral
Sleeping Beauty transposon syst@&at Protoc; 2 (12): 3146-3152.

Lungwitz Uet al. (2005). Polyethylenimine-based non-viral geneveeli
systemsEuropean Journal of Pharmaceutics and Biopharmaceutics; 60 (2): 247-
266.

Intra J, Salem A (2008). Characterization ofttaasgene expression generated
by branched and linear polyethylenimine-plasmid DiNgaoparticles in vitro and
after intraperitoneal injection in vivd.Control Release; [Epub ahead of print]

Plank Cet al. (1994). The Influence of Endosome-disruptive Rigstion Gene
Transfer Using Synthetid. Biol. Chem.; 269 (17 (29 Apr)): 12918-12924.

Parente RA, Nir S, Szoka FC, Jr. (1990). Memarf leakage of phospholipid
vesicle contents induced by the peptide GABRachemistry; 29 (37): 8720-8.

Ogris Met al. (2001). Melittin Enables Efficient Vesicular Eseagnd Enhanced
Nuclear Access of Nonviral Gene Delivery Vectairnal of Biological
Chemistry; 276 (50): 47550-47555.

Boeckle %t al. (2006). Melittin analogs with high lytic activigt endosomal pH
enhance transfection with purified targeted PEypleixes.J Control Release;
112 (2): 240-8.

Hama St al. (2007). Quantitative and mechanism-based invdstigaf post-
nuclear delivery events between adenovirus anglgxoNucleic Acids Res; 35
(5): 1533-1543.

Riu Eet al. (2007). Histone modifications are associated withpersistence or
silencing of vector-mediated transgene expressiafivio. Mol Ther; 15 (7):
1348-1355.

Hatakeyama ldt al. (2007). Development of a novel systemic gene dgjiv
system for cancer therapy with a tumor-specifiacédle PEG-lipidGene
Therapy; 14 (1): 68-77.

Chen C-Rt al. (2006). Gene transfer with poly-melittin peptidBgconjugate
Chemistry; 17 (4): 1057-62.

Vaughan EE, Dean DA (2006). Intracellular Tiading of Plasmids during
Transfection Is Mediated by Microtubulédol Ther; 13 (2): 422-428.

Bremner KHet al. (2004). Factors influencing the ability of nucléagcalization
sequence peptides to enhance nonviral gene delBrgonjugate Chemistry; 15
(1): 152-61.



46

a7

48

49

50

51

52

53

54

55

56

57

58

59

60

17¢

Young JL, Benoit JN, Dean DA (2003). EffecadDNA nuclear targeting
sequence on gene transfer and expression of plasmilde intact vasculature.
Gene Ther.; 10 (17): 1465-1470.

Wannenes B al. (2005). Vector-based RNA interference against wiasc
endothelial growth factor-A significantly limits seularization and growth of
prostate cancer in viv&Cancer Gene Ther.; 12 926-934.

Alton EWet al. (1999). Cationic lipid-mediated CFTR gene transbethe lungs
and nose of patients with cystic fibrosis: a dotlillad placebo-controlled trial.
Lancet; 353 (9157): 947-954.

Madhusudan & al. (2001). A Multicenter Phase | Gene Therapy Cliniazal
Involving Intraperitoneal Administration of E1A-Ligh Complex in Patients with
Recurrent Epithelial Ovarian Cancer OverexpresbkiB&R-2/neu Oncogen€lin.
Cancer Res.; 10 (9): 2968-2996.

Contag CH, Bachmann MH (2002). Advances in wo\@ioluminescence
imaging of gene expressiofinnu Rev Biomed Eng; 4 235-60.

Contag Ct al. (1995). Photonic detection of bacterial pathogering hosts.
Mol Microbiol; 18 (593):

Sweeny Et al. (1999). Visualizing the kinetics of tumor-cell alance in living
animals.Proc Natl Acad Sci USA; 96 12044-12049.

Luker K, Luker G (2008). Applications of biolungiscence imaging to antiviral
research and therapy: Multiple luciferase enzynmescaantitationAntiviral
Research; 78 179-187.

Drake J, Gabriel C, Henry M (2005). Assessurgdr growth and distribution in
a model of prostate cancer metastasis using bioksoence imagin@lin Exp
Metastasis; 22 (8): 674-684.

McCaffrey A, Kay MA, Contag CH (2003). Advangimolecular therapies
through in vivo bioluminescent imaginiglol Imaging; 2 (2): 75-86.

Pathak A, Vyas S, Gupta K (2008). Nano-vedmrefficient liver specific gene
transfer.Int J Nanomedicine; 3 (1): 31-49.

Zhang Get al. (2004). Intraarterial delivery of naked plasmid ®Expressing
full-length mouse dystrophin in the mdx mouse madeluchenne muscular
dystrophy.Hum Gene Ther; 15 (8): 770-782.

Yuan T (2008). Vaccination by muscle electropora The injury helpsVaccine;
26 (33): 4105-4106.

Zhang G, Budker V, Wolff JA (1999). High levelsforeign gene expression in
hepatocytes after tail vein injections of nakedspiad DNA. Human Gene
Therapy; 10 (10): 1735-1737.

LiuF, Song, Liu D (1999). Hydrodynamics-basensfection in animals by
systemic administration of plasmid DN&ene Ther; 6 (7): 1258-66.



61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

174

Suda Tet al. (2007). Structural impact of hydrodynamic injeation mouse liver.
Gene Ther; 14 129-137.

Zhang Get al. (2004). Hydroporation as the mechanism of hydradyic
delivery.Gene Ther.; 11 675-682.

Crespo Aet al. (2005). Hydrodynamic liver gene transfer mechanisvolves
transient sinusoidal blood stasis and massive bepi@ endocytic vesicle&ene
Ther; 12 (11): 927-935.

Herweijer H, Wolff J (2007). Gene therapy pragrand prospects: hydrodynamic
gene deliveryGene Ther; 14 (2): 99-107.

Suda T, Suda K, Liu D (2008). Computer-assibigttodynamic gene delivery.
Mol Ther; 16 (6): 1098-1104.

Rettig Get al. (2006). Qantitative Bioluminscence Imaging of Tsgene
Expression In VivoAnalytical Biochemistry; 335 90-94.

Pergolizzi RGet al. (2006). Correction of a murine model of von Willabd
disease by gene transféood; 108 (3): 862-869.

Rols M (2008). Mechanism by which electroponmatioediates DNA migration
and entry into cells and targeted tissidethods Mol Biol; 423 19-33.

Ilvorra A, Rubinsky B (2007). In vivo electridgaipedance measurements during
and after electroporation of rat livéioelectrochemistry; 70 (2): 287-295.

Zhou R, Norton J, Dean D (2008). Electroporatitediated gene delivery to the
lungs.Methods Mol Biol; 423 (233-247):

Sadadcharam M, Soden D, O'sullivan G (200&ctEdchemotherapy: an
emerging cancer treatmeit J Hyperthermia; 24 (3): 263-273.

Ugen Ket al. (2006). Regression of subcutaneous B16 melanomartuafter
intratumoral delivery of an IL-15-expressing pladrfollowed by in vivo
electroporationCancer Gene Ther; 13 (10): 969-974.

Liu F, Huang L (2002). Electric gene transfettte liver following systemic
administration of plasmid DNAGene Ther; 9 (16): 1116-11109.

Elbashir SMet al. (2002). Analysis of gene function in somatic marhamecells
using small interfering RNAdMethods; 26 (2): 199-213.

Kim D, Rossi J (2008). RNAiI mechanisms and aapilons.Biotechniques, 44
(5): 613-6.

Soutschek ét al. (2004). Therapeutic silencing of an endogenoug d¢pgn
systemic administration of modified SiRNAs.[see coemt][comment]Nature;
432 (7014): 173-8.

Kumar Pet al. (2007). Transvascular delivery of small interfgriRNA to the
central nervous systerNature; 448 (7149): 39-43.



78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

17¢

McAnuff MA, Rettig GR, Rice KG (2007). Potenal/siRNA versus shRNA
mediated knockdown in viv@.Pharm Sci; 96 (11): 2922-30.

Boulo Set al. (2007). Nuclear traffic of influenza virus protsiand
ribonucleoprotein complexe¥irus Res; 124 (1-2): 12-21.

Suzuki Y, Craigie R (2007). The road to chromatnuclear entry of retroviruses.
Nat Rev Microbiol; 5 (3): 187-196.

Dowty MEet al. (1995). Plasmid DNA Entry Into Postmitotic NuctéiPrimary
Rat MyotubesProc Natl Acad Sci USA; 92 (10): 4572-4576.

Wolff J (2002). The "grand" problem of synthet&ivery.Nat Biotechnol; 20
(8): 768-7609.

Wagstaff K, Jans D (2007). Nucleocytoplasmiogport of DNA: enhancing non-
viral gene transfeBiochem J; 406 (2): 185-202.

Beck Met al. (2007). Snapshots of nucler pore complexes imacaptured by
cryo-electron tomographWature; 449 611-615.

Beck M, Medalia O (2008). Structural and funeéibinsights into
nucleocytoplasmic transpradiistol Histopathol; 23 1025-1033.

Lusk C, Blobel G, King M (2007). Highway to tmmer nuclear membrane: rules

for the roadNat Rev Mol Cell Biol; 8 (5): 414-420.

Pouton Gt al. (2007). Targeted delivery to the nuclefdv Drug Deliv Rev; 59
(8): 698-717.

Pante N, Aebi U (1996). Sequential binding gbamt ligands to distinct
nucleopore regions during their nuclear imp8ctence; 273 (5282): 1729-1732.

Rout Met al. (2003). Virtual gating and nuclear transport: ioée picture.
Trends Cell Biol; 13 (12): 622-628.

Frey S, Richter R, Gorlich D (2006). FG-ricpeats of nuclear pore proteins
form a three-dimensional meshwork with hydrogeélpropertiesScience; 314
(5800): 815-817.

Miller M, Park MK, Hanover JA (1991). Nucleawrp complex: structure,
function, and regulatiorPhysiological Reviews; 71 (3): 909-49.

Kalderon Det al. (1984). Sequence requirements for nuclear locati@mian
virus 40 large-T antigerNature; 311 (5981): 33-8.

Dean DAet al. (1999). Sequence Requirements for Plasmid Nubaheaort.
Experimental Cell Research; 253 (2): 713-722.

Murray Ket al. (2001). Enhanced cationic liposome-mediated teantigin using
the DNA-binding peptide mu (mu) from the adenovicose.Gene Ther; 8 (6):
453-460.



95

96

97

98

99

100

101

102

103

104

105

106

107

108

17¢

Benimetskaya Et al. (2002). Protamine-fragment peptides fused to a5V
nuclear localization signal deliver oligonucleosdbat produce antisense effects
in prostate and bladder carcinoma caigconjug Chem; 13 (2): 177-187.

Chan CK, Jans DA (1999). Enhancement of polgbsnediated
transferrinfection by nuclear localization sequengm®lylysine does not function
as a nuclear localization sequendem Gene Ther; 10 (10): 1695-702.

Ritter Wet al. (2003). A novel transfecting peptide comprisingtaameric
nuclear localization sequencd®urnal of Molecular Medicine; 81 (11): 708-17.

Corradni Ret al. (2007). Peptide nucleic acids with a structurhibsed
backbone: effects of conformational constraints stedeochemistryCurr Top
Med Chem; 7 (7): 681-694.

Zelphati Cet al. (2000). PNA-dependent gene chemistry: stable cog oif
peptides and oligonucleotides to plasmid DMfotechniques; 28 (2): 304-10,
312-4, 316.

Branden LJ, Mohamed AJ, Smith CI (1999). Atjepnucleic acid-nuclear
localization signal fusion that mediates nucleansport of DNANat Biotechnol;
17 (8): 784-7.

Ludtke J&t al. (1999). A nuclear localization signal can enhdna#h the nuclear
transport and expression of 1 kb DNJ&urnal of Cell Science; 112 (Pt 12):
2033-41.

Roulon T, Helene C, Escude C (2002). Couping targeting peptide to plasmid
DNA using a new type of padlock oligonucleoti@oconjug Chem; 13 (5):
1134-9.

Shiraishi T, Hamzavi R, Nielsen PE (2005).gésed Delivery of Plasmid DNA
into the Nucleus of Cells via Nuclear Localizat®ignal Peptide Conjugated to
DNA Intercalating Bis- and Trisacridin@&soconjugate Chemistry; 16 (5): 1112-
1116.

Boulanger C, Di Giorgio C, Vierling P (2005ynthesis of acridine-nuclear
localization signal (NLS) conjugates and evaluatbtheir impact on lipoplex
and polyplex-based transfectidfur J Med Chem; 40 (12): 1295-306.

Carlisle Ret al. (2001). Adenovirus hexon protein enhances nuclebvery and
increases transgene expression of polyethylenipiesahid DNA vectorsMol
Ther; 4 473-483.

Ciolina Cet al. (1999). Coupling of Nuclear Localization Signadsilasmid
DNA and Specific Interaction of the Conjugates wittortin a. Bioconjugate
Chemistry; 10 (1): 49-55.

Nagasaki Et al. (2003). Can nuclear localization signals enhanaxdear
localization of plasmid DNABioconjug Chem; 14 (2): 282-6.

Zanta MA, Belguise-Valladier P, Behr JP (1999ne delivery: A single
nuclear localization signal peptide is sufficiemcarry DNA to the cell nucleus.
Proc. Natl. Acad. Sci.; 96 (1): 91-96.



109

110

111

112

113

114

115

116

117

118

119

120

121

122

van der Aa MAet al. (2005). An NLS peptide covalently linked to lindaNA
does not enhance transfection efficiency of catigmlymer based gene delivery
systemsThe Journal of Gene Medicine; 7 (2): 208-217.

Tanimoto Met al. (2003). No enhancement of nuclear entry by dicecjugation
of a nuclear localization signal peptide to linead DNA.Bioconjug Chem; 14
(6): 1197-202.

Craft Net al. (2005). Bioluminescent imaging of melanoma in Iwee.J.
Invest. Dermatol.; 125 (1): 159-65.

Jenkins 2t al. (2003). Bioluminescent imaging (BLI) to improvedarefine
traditional murine models of tumor growth and megtsis.Clin Exp Metastasis;
20 (8): 733-744.

van der Pluijm @t al. (2005). Interference with the microenvironmentgisort
impairs thede novo formation of bone metastassvivo. Cancer Res.; 65 (17):
7682-90.

Hoffman R (2005)n vivo cell biology of cancer cells visualized with flescent
proteins.Curr. Top. Dev. Biol.; 70 121-144.

Jawhara S, Mordon S (2004). In vivo imagingiofuminescent Escherichia coli
in a cutaneous wound infection model for evaluatban antibiotic therapy.
Antimicrobial Agents & Chemotherapy; 48 (9): 3436-41.

Doyle Tet al. (2006). Visualizing fungal infections in living 0@ using
bioluminescnet pathogeni@andida albicans strains transfromed with the firefly
luciferase geneMicrob. Pathog.; Epub ahead of print

Opas Et al. (2000). Parathyroid hormone and prostaglandin ieBpentially
increase luciferase levels in bone of mice harlgpaituciferase transgene
controlled by elements of the pro-alphal(l) collageomoterBone; 26 (1): 27-
32.

Iris Bet al. (2003). Molecular imaging of the skeleton: quatiite real-time
bioluminescence monitoring gene expression in lvepair and development.
Bone Miner. Res.; 18 (2): 570-578.

De A, Gambhir S (2005). Noninvasive imagingudtein-protein interactions
from live cells and living subjects using biolum&zence resonance energy
transfer FASEB J; 19 (14): 2017-2019.

Sato A, Klaunberg B, Tolwani R (2004). In vivimluminescence imaging.
Comparative Medicine; 54 (6): 631-4.

Banerjee It al. (2004). Novel hyperbranched dendron for gene teauns vitro
andin vivo. Bioconjug. Chem.; 15 960-968.

lyer Met al. (2002). Noninvasive imaging of cationic lipid-mathd delivery of
optical and PET reporter genes in living miktal. Ther.; 6 (4): 555-562.



123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

17¢

Yoshimitsu Met al. (2004). Bioluminescent imaging of a marking tragrsg and
correction of Fabry mice by neonatal injection @fambinant lentiviral vectors.
Proc. Natl. Acad. Sci. USA; 101 (48): 16909-16914.

Bartlett D, Davis M (2006). Insights into thedtics of SIRNA-mediated gene
silencing from live-cell and live-animal biolumireent imagingNucleic Acids
Res.; 34 (1): 322-33.

Liu F, Song, Liu D (1999). Hydrodynamics-bddransfection in animals by
systemic administration of plasmid DN&ene Ther.; 6 1258-1266.

Zhang G, Budker V, Wolff J (1999). High levefdforeign gene expression in
hepatocytes after tail vein injections of nakedsplad DNA. Hum. Gene Ther.; 10
1735-1737.

Jenkins [t al. (2003). In vivo monitoring of tumor relapse andtastasis using
bioluminescent PC-3M-luc-C6 cells in murine mod#lfiuman prostate cancer.
Clin Exp Metastasis; 20 (8): 745-756.

Lee Ket al. (2003). Cell uptake and tissue distribution ofioamtine labelled-
luciferin: implications for luciferase based geneging.Nucl. Med. Commun.;
24 (9): 1003-10009.

Zhang G, Song YK, Liu D (2000). Long-term eegsion of human alphal-
antitrypsin gene in mouse liver achieved by intreoes administration of plasmid
DNA using a hydrodynamics-based proced@ene Ther.; 7 1344-9.

Kobayashi Mt al. (2001). Hepatic uptake and gene expression mesingni
following intravenous administration of plasmid DN¥ conventional and
hydrodynamics-based procedur&s?harmacol. Exp. Ther.; 297 (3): 853-60.

Shankar P, Manjunath N, Lieberman J (2005¢. @ospect of silencing disease
using RNA interferencelama; 293 (11): 1367-73.

Xie FY, Woodle MC, Lu PY (2006). Harnessing/ino siRNA delivery for drug
discovery and therapeutic developméntug Discov Today; 11 (1-2): 67-73.

Golzio Met al. (2005). Inhibition of gene expression in mice nmedy in vivo
electrically mediated siRNA delivertgene Ther; 12 (3): 246-51.

Urban-Klein Bet al. (2005). RNAiI-mediated gene-targeting through syste
application of polyethylenimine (PEI)-complexed NiR in vivo. Gene Therapy;
12 (5): 461-6.

Zhang Yet al. (2004). Intravenous RNA interference gene thetapyeting the
human epidermal growth factor receptor prolongsisat in intracranial brain
cancerClin Cancer Res; 10 (11): 3667-77.

Zender Llet al. (2003). Caspase 8 small interfering RNA preventgealiver
failure in mice.Proc Natl Acad Sci U SA; 100 (13): 7797-802.

Xu Jet al. (2005). Reduction of PTP1B by RNAI upregulatesdhgvity of
insulin controlled fatty acid synthase promo#inochem Biophys Res Commun;
329 (2): 538-43.



138 Hassani &t al. (2005). Lipid-mediated siRNA delivery down-reg@st
exogenous gene expression in the mouse brain@nplar levelsJournal of
Gene Medicine; 7 (2): 198-207.

139 Hamar Rt al. (2004). Small interfering RNA targeting Fas praésemice against
renal ischemia-reperfusion injurfgroc Natl Acad Sci U SA; 101 (41): 14883-8.

140 Ge Qetal. (2004). Inhibition of influenza virus productiom virus-infected mice
by RNA interferenceProc Natl Acad Sci U SA; 101 (23): 8676-81.

141  Pichler Aet al. (2005). In vivo RNA interference-mediated ablatairMDR1 P-
glycoprotein.Clin Cancer Res; 11 (12): 4487-94.

142  McCaffrey ARet al. (2003). Inhibition of hepatitis B virus in mice RNA
interferenceNat Biotechnol; 21 (6): 639-44.

143  McCaffrey APt al. (2002). RNA interference in adult midgature; 418 (6893):
38-9.

144  Bartlett DW, Davis ME (2006). Insights into tkieetics of sSiRNA-mediated gene
silencing from live-cell and live-animal biolumireent imagingNucleic Acids
Research; 34 (1): 322-333.

145 McKenzie DL, Kwok KY, Rice KG (2000). A potenéw class of reductively
activated peptide gene delivery agedtsirnal of Biological Chemistry; 275 (14):
9970-9977.

146  Lewis DL, Wolff JA (2005). Delivery of siRNA drsiRNA expression constructs
to adult mammals by hydrodynamic intravascularatiga. Methods Enzymol;
392 336-50.

147  Zhang G, Song Y, Liu D (2000). Long-term exsgien of human alpha 1-
antitrypsin gene in mouse liver achieved by intreoes administration of plasmid
DNA using a hydrodynamics -based proced@ene Therapy; 7 1344-1349.

148 Liu D, Knapp JE (2001). Hydrodynamics-basecdegdelivery.Curr Opin Mol
Ther; 3 (2): 192-7.

149 Kim DHet al. (2005). Synthetic dsSRNA Dicer substrates enhari¢AifRotency
and efficacy.[see commentature Biotechnology; 23 (2): 222-6.

150 Siolas et al. (2005). Synthetic shRNAs as potent RNAI trigg&ature
Biotechnology, 23 222-226.

151 Pollard Het al. (1998). Polyethylenimine but not cationic lipidemotes
transgene delivery to the nucleus in mammaliars c&urnal of Biological
Chemistry; 273 (13): 7507-11.

152  Chan CK, Jans DA (2001). Enhancement of MSHp®x- and GAL4-mediated
gene transfer by switching the nuclear import pathwene Ther; 8 (2): 166-71.



153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

18C

Subramanian A, Ranganathan P, Diamond SL [18R&lear targeting peptide
scaffolds for lipofection of nondividing mammaliaalls. Nat Biotechnol; 17 (9):
873-7.

Robbins &t al. (1991). Two interdependent basic domains in nyotéesmmin
nuclear targeting sequence: identification of a<laf bipartite nuclear targeting
sequenceCedll; 64 (3): 615-23.

Sebestyen M@ al. (1998). DNA vector chemistry: the covalent attaelmtof
signal peptides to plasmid DNAat Biotechnol; 16 (1): 80-5.

Cline M, Mandel S, Platz M (2007). Identificat of the reactive intermediates
produced upon photolysis of p-azidoacetophenonatarnetrafluoro analogue in
agueous and organic solvents: implications for gbnity labeling.
Biochemistry; 46 (7): 1981-1987.

Greenwood FC, Hunter WM, Glover JS (1963). Pheparation of 131I-
Labelled Human Growth Hormone of High Specific Reutttivity. J. Biochem,;
89 114-123.

Escriou et al. (2001). Critical assessment of the nuclear impbplasmid
during cationic lipid-mediated gene transfeGene Med; 3 (2): 179-187.

Keana J, Cai S (1990). New Reagents for PHotagfLabeling: Synthesis and
Photolysis of Functionalized Perfluorophenyl Azide®©rg Chem; 55 3640-3647.

Li Set al. (2001). Muscle-specific enhancement of gene espedy
incorporation of SV40 enhancer in the expressiasmid.Gene Ther; 8 (6): 494-
7.

Neves t al. (2000). Novel method for covalent fluorescent ladgeof plasmid
DNA that maintains structural integrity of the piad. Bioconjugate Chemistry;
11 51-55.

Radeke H, Snapper M (1998). Photoaffinity stafithe cellular interactions of
ilimaquinone.Bioorg Med Chem; 6 (8): 1227-1232.

Sebestyen M@ al. (2006). Mechanism of plasmid delivery by hydrodymna
tail vein injection. I. Hepatocyte uptake of varsomolecules] Gene Med; 8 852-
873.

Schaffert D, Wagner E (2008). Gene therapynessgand prospects: synthetic
polymer-based systemSene Ther; 15 1131-1138.

Rejman &t al. (2004). Size-dependent internalization of particia the
pathways of clathrin- and caveolae-mediated endsc/Biochemical Journal;
377 (1): 159-169.

Wadhwa M&t al. (1995). Targeted gene delivery with a low molecwaight
glycopeptide carrieBioconjug. Chem.; 6 (3): 283-291.

Bellocq NGCet al. (2003). Transferrin-Containing, Cyclodextrin PorBased
Particles for Tumor-Targeted Gene DeliveBjoconjugate Chemistry; 14 (6):
1122-1132.



168

169

170

181

Plank Gt al. (1992). Gene Transfer into Hepatocytes Using Agigcoprotein
Receptor Mediated Endocytosis of DNA Complexed \aithArtificial Tetra-
Antennary Galactose LiganBioconjug. Chem.; 3 533-539.

Gottschalk $t al. (1994). Folate receptor mediated DNA delivery iutmor
cells: potosomal disruption results in enhancecegapressionGene Therapy; 1
(3): 185-91.

Vandermeulen & al. (2007). Optimisation of intradermal DNA electratséer
for immunisationJ Control Release; 124 (1-2): 81-87.



	University of Iowa
	Iowa Research Online
	2008

	Strategies to test nuclear localization of non-viral gene delivery vectors in vitro and in vivo
	Garrett Richard Rettig
	Recommended Citation


	Abstract Title Page
	External Abstract
	Prelim Pages
	Body-1
	Body-2
	Body-3
	Body-4a
	Body-4b
	Body-4c
	Body-4d
	Body-5
	Body-6

