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Abstract

Targeting A549 and MCF7 with Small Bivalent Molecules Coated on Liposomes
By
Andrew To Nguyen

Bilamellar invaginated vesicles (BIVs) are liposomal/nanopartical delivery
vehicles that have the ability to penetrate tight barriers throughout the target organ
including the interstitial pressure gradient in large solid tumors, and they have prolonged
half-lives in vivo and stability in the circulation. However, there is currently a lack of
available ligands that could target these BIVs to specific cell types. Bivalent small
molecules (smaller than peptides) have been synthesized to mimic secondary protein
structures found at hot-spots in protein-protein interactions. Therefore, they have the
potential to target specific cells and avoid the immune system due to their small size. A
library of these compounds has been screened using a novel high-throughput luciferase
assay against MCF7 and A549 cells. There were 7 compounds that were found to have
specifically targeted MCF7 cells, and 9 compounds that specifically targeted A549 cells
in vitro.
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1. Background
1.1 Cancer
It is widely recognized that cancer is one of the leading causes of death
worldwide. In the U.S. alone, it is estimated that there will be over 1.4 million new cases
of cancer by the end of this year (2007).70 These statistics support why there is so much
work focused on cancer. Many different approaches to battle cancer are being
researched. Amongst those approaches, there are different methods related to gene
therapy being studied. A promising method to deliver genes targeted to cancer cells uses
improved liposomes called bilamellar invaginated vesicles.

1.2 BIVS
The major constraints on the broad therapeutic applications of most liposomal
delivery systems are their poor transfection efficiencies in vivo, accumulation in the lungs
after intravenous delivery, aggregation, clearance (e.g. by Kupffer cells) after systemic
delivery, inability to deliver the bulk of injected liposomal complexes to the target cells
and organs, and other issues. In Dr. Nancy Templeton’s lab, we have produced
bilamellar invaginated vesicles (BIVs) that have overcome these constraints.1’2 Our BIV
liposomes/nanoparticles differ from all other liposomal delivery systems insofar as they
have the following properties:
•

prolonged half-life and stability in the circulation;
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•

they do not aggregate, and they have optimized colloidal suspensions;

•

nucleic acids, viruses, proteins, drugs, peptides, imaging agents, and mixtures of
these reagents are efficiently encapsulated;

•

these complexes can be size fractionated to any size (e.g. 20 nm to 500 nm);

•

these complexes are fusogenic with the cell surface and escape uptake by
endosomes;

•

liquid suspensions and freeze dried formulations are stable;

•

complexes produce high levels of gene expression;

•

they can penetrate across tight barriers and throughout the target organ including
the interstitial pressure gradient in large solid tumors;

•

the non-targeted “generic” BIV complexes have broad biodistribution;

•

ligands can be attached to the surface of complexes for targeted delivery, and
reversible masking facilitates non-target cell bypass, thus greater than 90% of
injected complexes are delivered to target cells; (Templeton, N.S., US Patent No.
7,037,520 B2 issued May 2, 2006)4

•

they are non-toxic, non-immunogenic, biodegradable, and can be repeatedly
administered;

•

they reduce the toxicity of adenovirus;5
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•

they have efficacy in animal models for several types of cancer including lung,3’6’7
pancreatic,8'10 breast,11 prostate,12 and head/neck;(Hung and Templeton,
unpublished data)

•

they also have efficacy for the treatment of Hepatitis B,13 and cardiovascular
diseases;14 and,

•

they are currently successfully progressing through clinical trials to treat lung
cancer.
The “missing piece” in the development of BIVs as a therapeutic tool is non-

immunogenic ligands that can be placed on the surface of BlV-complexes to direct them
to target cells. It might be possible to do this with small peptides that are multimerized
on the surface of liposomes, but these can generate immune responses after repeated
injections, particularly systemically, and peptides can preclude penetration and delivery
across the interstitial pressure gradient of tumors. Other larger ligands including
antibodies, antibody fragments, proteins, partial proteins, etc. are far more refractory than
using small peptides for targeted delivery on the surface of liposomes. Intravenous
injection of therapeutics for the treatment of cancer is considered the ultimate therapeutic
(the “holy grail”) because all tumors and their metastases are sustained by blood vessels.
However, targeted delivery for treatment of cancer is further complicated by the
lack of known cell surface receptors to use for efficient targeting. Even the well-studied
HER2/neu receptor is slightly elevated only on a small percent (about 10%) of breast
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cancer cells and does not internalize ligands, including antibodies and antibody
fragments, as efficiently as other known ligand-receptor interactions. For example, the
affinity and internalization of the asialoglycoprotein for the asialoglycoprotein receptor is
the most robust and efficient ligand-receptor interaction identified to date and, therefore,
is often used for proof-of-principle studies, including those performed in our lab (see
Preliminary Studies). However, this system falls short of perfection because the
asialoglycoprotein receptor is found both on the surface of liver hepatocytes and Kupffer
cells, thereby allowing some delivery to be cleared rapidly from the circulation. In
addition, as discussed above, the asialoglycoprotein is too large. Optimal ligands should
be small (about 500 Da or less, e.g. drugs and small molecules), should have high affinity
and internalization into unique receptors found exclusively on the target cells, and should
be non-immunogenic/non-toxic particularly when multimerized on the surface of delivery
vehicles including liposomes.

1.3 Small Molecules Designed To Bind Cell Surface Receptors
Many protein-protein interactions at cell surfaces involve dimeric or oligomeric
ligands docking with dimeric or oligomeric receptors. It is difficult to design small
molecules that mimic the ligands involved in these interactions. The approach used by
Burgess and co-workers is to make small molecules that have side chains exactly
corresponding to the amino acids found in proteins, on organic frameworks which closely
match proteins secondary structures found at hot-spots in protein-protein interactions.
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These are then joined together to form bivalent molecules, which could potentially bind
two sites on a receptor considerably increasing the free energy loss on binding.

21 29

Burgess’ group has designed several “semi-peptidic” P-tum analogs.
Significantly, these compounds can incorporate any amino acid side chains, so they can
be designed to mimic turns at any hot spot that involves that motif. They tend to match
well with P -turn conformations, and are active against some protein-protein interaction
targets that have turn hot-spots.30'37 One of these compounds has been shown to be active
in an in vivo model for stroke recovery.

“2Q

Bivalent derivatives of these compounds can

have dramatically enhanced binding affinities. These bivalent molecules are prepared via
the chemistry highlighted in Scheme 1 that allows selective coupling of two monovalent,
unprotected, peptidomimetics just by mixing them in the presence of a triazine linker.
The key feature of this route is that two junctionalized monovalent molecules can be
combined to give heterodimers selectively in solution, and only potassium carbonate is
required to affect the coupling. Unlike most combinatorial syntheses, no protecting
groups are involved in the last steps of this approach, so the final product does not have
to be purified from protecting group residues and added scavenger materials.
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Scheme 1 Preparation of dimers via selective reactions of a piperidine with a substituted fluorescein.
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2. Project Objectives
2.1 Designing a High-Throughput Assay
The objective of designing a high-throughput assay was to be able to screen large
libraries of compounds for small molecules that can target BIVs to specific cells in a
relative short amount of time. This assay was designed to adopt the luciferase assay in a
96 well plate.

2.2 Screening a Library of Bivalent Small Molecules
The objective of this study was to find specific bivalent small molecules that
increase transfection efficiency specifically in A549 and MCF7 cell lines. After these
molecules were found, they were tested against the normal cell line MCF10A.

2.3 Preliminary Testing of Bivalent Small Molecules In Vivo
The ultimate objective of this study is to eventually see whether or not the in vitro
data can translate in vivo. This study was used to test if I could repeat published data on
the delivery of the chloramphenicol acetyltransferase (CAT) reporter gene in mice via tail
vein injection. In the future, tail vein injections and CAT ELISAs will be used to assess
the in vivo targeting potential of ligand-coated BIV complexes in mouse tumor models.
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3. Designing a High-Throughput Assay
3.1 Introduction
An efficient strategy is required to screen libraries of functionalized BIV
complexes displaying bivalent molecules to identify those that selectively bind specific
cancer cells and internalize the liposome cargo. Therefore, the first part of this project
required the design of a high-throughput assay. Highly sensitive and accurate detection
systems are required for successful high throughput screens. Furthermore, delivery into
the cell nucleus for the detection of potential ligand binding and internalization across the
cell membrane would be most direct and ultimately reliable. Luciferase expression
produced by plasmid DNA delivered to the nucleus meets these criteria; it is an
experimentally straight-forward, and well-established technology. If the plasmid DNA
encoding luciferase is internalized and efficiently transported to the nucleus, then
bioluminescence is detected in cells grown in the wells of the plates, which correlates
with the transfection efficiency. The read out is fast, enabling rapid testing of bivalent
compound coated functionalized BIV complexes in a one-bivalent compound-per-well
format for screening for bivalent compounds that increase transfection efficiency relative
to uncoated BIV complexes. To facilitate this, the most sensitive, dedicated-plate-reader
luminometer, a Luminoskan Ascent (Thermo Labsystems), is used. The Luminoskan is
versatile insofar as it allows many different sample formats from single 10 cm tissue
culture dishes to 384-well plates, all of which can be analyzed either from the top or the
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bottom of the sample. It offers an extremely high degree of sensitivity (<1 fmol
ATP/well) for observing small differences in addition to a high dynamic range for
samples (>9 decades over whole gain setting area). The Luminoskan provides accurate
data by allowing optimal control of assay conditions including temperature (the amount
of light emitted is very sensitive to small changes), adequate mixing of reagents (orbital
shaking feature), a constant delay between each measurement, and other features such as
allowing multiple replicates per sample (30/well and up to 3500/culture dish). Finally,
the Luminoskan Ascent has been validated for use with Promega’s Dual Luciferase
Assay, and the Ascent software is designed well for data management. These are reasons
why we have used it in our high throughput luciferase assay to identify optimal bivalent
compounds to use for targeted delivery to human cancer cells.
Overall, the proposed approach is combinatorial bioorganic chemistry at its very
best because a huge number of variables can be screened simultaneously. For instance, a
library of 100 bivalent molecules could be loaded onto BIV complexes at 5 different
concentrations each, and then tested against 50 different tumor cell lines. This would
involve 100 x 5 x 50 = 25,000 individual experiments. However, these could be screened
in approximately 260 96-well dishes. All cell types probably have hundreds or even
thousands of cell surface receptors (most of which are unidentified to date), and the
proposed approach interrogates all of them to identify the optimal ligand-receptor
interaction in each well. It is truly a “multidimensional, combinatorial approach”.
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3.2 Overview
In order to design this high-throughput luciferase assay, many details involved in
both the luciferase assay and BIV transfection methods had to be refined for the 96-well
plate format. Beyond just scaling down, this included testing for the optimal integration
time, the optimal lag time, the necessity of freeze-thaw, the concentration to transfect
each cell line with, and the optimal transfection time. These studies resulted in an assay
that was more efficient than its predecessor not only because of its high-throughput
characteristic, but because unnecessary steps were removed and the transfection time was
reduced.

3.3 Materials
Cell Medium (for A549 and MCF7)
- DMEM/F12 (Invitrogen, #25200-106)
- 10% Heat Inactivated and Filtered Fetal Calf Serum (Gemini Bioproducts, #100-106)
- 1% Glutamine (Invitrogen, #25030-081)
- 1% Penicillin-Streptomycin (Gibco, #15140-126)
Serum Free Medium (for A549 and MCF7)
The serum free medium was the same as the cell medium, but without the fetal calf
serum.
Cell Lysis Buffer
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- 40mM Tricine (Sigma, #T5816-100G)
- 50mM NaCl (Gibco, #24740011)
- 2mM EDTA (Gibco, #15575-038)
- ImM MgS04 (Sigma, #T-8787)
- 5mM DTT (Invitrogen, #15508-013)
- 1% Triton X-100 (Sigma, #T-8787)
Luciferase Assay Reagent

- 40mM Tricine
- 0.5 mM ATP (Sigma, #A2383)
- lOmM M gS04
- 0.5 mM EDTA
- lOmMDTT
- 0.5mM Coenzyme A (MP Biomedicals, #100493)
-23.9mg/150mL lyophilized Luciferin (Gold Biotechnology, #LUCK)

3.4 Methods

3.4.1 Purification of Plasmid DNA
The p4241 plasmid was a gift from Robert Debs (California Pacific Medical
Center Research Institute, San Francisco, Ca). Plasmids were amplified using subcloning
efficiency DH5a Competent Cells (Invitrogen, #18265-017) under lOOug/mL ampicillin
(Sigma, A2804) for selection according to user’s manual. They were all purified by
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anion-exchange chromatography using the Qiagen Endo-free Plasmid Giga Kit (Qiagen,
Germany), and dissolved in sterile water to approximately lOmg/mL. DNA purity and
concentration was measured using Perkin Elmer MBA 2000. All plasmids were stored at
-80°C.

3.4.2 Checking for correct plasmid DNA
In order to ensure that the correct plasmid DNA was purified, a sample was
digested with the restriction enzymes Hind III (Invitrogen, #15207-012) and Kpn I
(Invitrogen, #15232-010) according to user manual and assayed for size using
electrophoresis on a 1% agarose gel (Invitrogen, #15510-027) + lug/mL ethidium
bromide (Invitrogen, #15585-011). The 1KB Plus DNA (Invitrogen, #10787-018) and X
DNA/Hind III fragments (Invitrogen, #15612-013) ladders were used.

3.4.3 Cleaning of Glassware Used for Liposomes and DNA:Liposome Complexes
Dust was removed from glassware using dust remover (Blow Hard, Scienceware,
#17080-200). They were then cleaned with RBS detergent (Pierce, #27960). Then they
were thoroughly rinsed with tap water, DI water, and finally sterile water (Baxter,
#2F7114). They were then left to dry overnight and were autoclaved the next day.
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3.4.4 Splitting Cells
Cells were split at 70% confluency in a 10cm plate. Cell medium was aspirated
and cells were rinsed with 7mL of PBS (Invitrogen, #14190-250). They were trypsinized
with 1.5 mL of trypsin-EDTA (Invitrogen, #25200-106), and placed in a 37°C incubator
until the cells begun floating (about 4 minutes). The cells were transferred into a
centrifuge tube with 8.5mL of cell medium and centrifuged at 200 x g for 5 minutes at
25°C. The supernatant was aspirated, and the appropriate amount of medium was added
to resuspend the cells for splitting.

3.4.5 Making DOTAP:Chol Liposomes
DOTAP: Choi liposomes were made as described previously.1

3.4.6 Mixing DNA:Liposome Complexes
The schematic of how the BIVs encapsulate DNA plasmid is depicted below in
Figure 1. All reagents (Liposomes, DNA, and D5W) were warmed to room temperature
(RT). The DNA and liposomes was mixed in eppendorf tubes; however, the complexes
were stored in glass vials after mixing. Reagents were never mixed in volumes smaller
than what would have yielded a 50 pi final volume. This protocol describes how to mix
reagents in order to produce a 300 pi final volume containing liposomes at 4mM and
DNA at 50 pg/100 pi. However, the final volume was dependent on each study. First, 60
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pi of 20 mM liposomes was added to 90 pi of D5W in one eppendorf tube, and mixed by
vortexing. Then, 150 pg DNA (15 pi of a 10 mg/ml DNA stock) was added to D5W to
produce a final volume of 150 pi in a second eppendorf tube. It was rinsed up and down 3
times in a pipette tip for mixing. Having the diluted liposomes and the diluted DNA to be
identical volumes was very important. The diluted DNA sample was quickly added to
the diluted liposomes at the surface of the diluted liposomes, and it was immediately
rinsed up and down twice in a pipette tip. To check if mixing was done properly, the
OD400 of the DNA: liposome complexes was measured by adding 10 pi of the complexes
to 190 pi of water and reading this sample in a quartz cuvette at 400nm. An OD400
between 0.70 and 0.95 meant that the mixing was done properly. The solutions should
have looked turbid; however, the complexes should have been evenly suspended in the
mixture with no precipitation. Unless stated otherwise, the complexes were placed in
small, cleaned glass vials. Argon was placed in the stock vials of liposomes, and all vials
were stored at 4°C.

4 nm

UK®!®

n.

smwmi

\ \> < y /

\V * ^

Figure 1 BIV encapsulation of nucleic acids.1
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3.5 Finding the Integration Time

3.5.1 Purpose
The purpose of this experiment is to find an optimal integration time for luciferase
reading by weighing out the coefficient of variation (CV) vs. time using a luminometer
(Thermo systems Luminoskan Ascent). According to the Luminoskan user manual, the
integration time is the length of time used to obtain one measurement result from a
measuring point. This time affects the error between samples because it is known to
affect the CV, which is defined as the standard deviation expressed as a percent of the
mean.

3.5.2 Methods
The high throughput assay was designed based on modifications made on
previous luciferase assay68 and transfection protocols.65 MCF7 cells were seeded in 96
well conical bottom plates at 2xlOA4 cells in 50uL of cell media per well, and then were
incubated at 37°C overnight. They were then transfected for 3 hours in serum free
medium with 0.26uL of liposome-p4241 complexes prepared the same day. This was
done by removing the normal cell medium from the wells via pipetting and immediately
adding 45uL of serum free medium. DNA: liposome complexes were diluted with D5W
so that there would be 0.26uL of complexes in 5uL of volume, which was added to the
serum free medium and mixed by rocking. During transfection, the plates were incubated
at 37°C. Transfection was ended by replacing the serum free medium plus complexes
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with 50uL of normal cell medium. A negative control was set up for one well by
transfection with liposomes alone. They were then incubated overnight at 37°C
overnight. On the next day, medium was replaced with 30uL of lysis reagent per well.
The plate was rocked in room temperature for 1 minute. Freeze-thaw cycle was
performed by freezing with dry ice (-10 minutes) and thaw in 37°C incubator (~ 5
minutes). Plates were centrifuged at 2800g for 11 min at 4°C. In duplicates, 7.5uL of
supernatant per well was transferred to a white plate. The luminometer was first primed
cleaned with water and primed with luciferase assay reagent before reading of relative
light units (RLUs) of each well took place. This involved dispensing of lOOuL of
luciferase assay reagent into a well, shaking for 2 seconds at 420rpm, a lag time, and then
measurement of the well bioluminescence at a specific integration time. The lag time
was set to 10 seconds, and the integration time for different duplicates was set to 0.5, 1,
and 5 seconds.
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3.5.3 Results

CV vs. Integration Time
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Figure 2 An integration time of 1 second results in the lowest CV.

The luminometer measured no relative light units for the negative control.

3.5.4 Discussion
An integration time of 1 second produced more than 5 times less error than the 0.5
second integration time at the cost of only being 2 times slower. Therefore, an
integration time of 1 second was set for the high-throughput luciferase assay.
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3.6 Finding the Lag Time

3.6.1 Purpose
The luciferase-luciferin reaction takes some time to stabilize. Therefore, a lag
time is necessary before measurements are taken. A kinetic study is established to pin
point an appropriate lag time.

3.6.2 Methods
The methodology for high-throughput assay was repeated with modifications as
discussed previously. However, 20uL of supernatant per well was transferred to the
white plate (not in duplicates like before). Additionally, the Luminoskan is set to
perform a kinetic study where it reads the same well 20 times with an integration time of
1 second without any lag time in between.
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3.6.3 Results

Kinetic Study
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Figure 3 The kinetic study was used to find out how long it took for the reaction to stabilize.

3.6.4 Discussion
The reaction completely stabilizes in about 14 seconds. Therefore, a lag time of
14 seconds was appointed for the high-throughput luciferase assays.

3.7

Removing the Freeze-Thaw Cycle Step

3.7.1 Purpose
Through observations, the cells seem to have been lysed without the freeze-thaw
cycle already. Showing that this step is unnecessary would save some time and supplies.
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3.7.2 Methods
The methodology for high-throughput assay was repeated with modifications as
discussed previously for two plates. However, one plate was put on ice instead of going
through the freeze-thaw cycle.

3.7.3 Results

Freeze-Thaw vs No Freeze-Thaw
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Figure 4 The freeze-thaw significantly reduced the bioluminescence. The p value= 0.000017.

3.7.4 Discussion
Not only did the freeze-thaw cycle not improve the assay, but it actually made the
values significantly lower (p value « 0.05). Therefore, the freeze-thaw cycle was
removed from the high-throughput luciferase assays.
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3.8 Choosing the Concentration of Complexes to Transfect With

3.8.1 Purpose
It is necessary that we do not transfect with too high of a concentration of
DNA:liposome complexes, because it may mask the effect of compounds increasing
transfection if the concentration of complexes has already reached saturated levels of
transfection. Therefore, we seek for a concentration of complexes that lies within the
range of increasing levels of transfection for the two cancer cell lines used in this project,
A549 and MCF7.

3.8.2 Methods
The methodology for high-throughput assay was repeated with modifications as
discussed previously for A549 and MCF7 cells. However, in triplicates, each cell line
will be transfected using the following concentrations of liposome-p4241 complexes: 0,
0.125, 0.25, 0.5, 1, 2, and 4 x 0.26uL complexes/well.
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3.8.3 Results
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Figure 5 The affect of different complex concentrations on bioluminescence in A549 cells.
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Figure 6 The affect of different complex concentrations on bioluminescence in MCF7 cells.
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3.8.4 Discussion
At a concentration of about 1 x 0.26uL complex/well, the transfection levels begin
to plateau. Therefore, any concentrations greater or equal to this may mask the effect of
compounds increasing transfection efficiency. For MCF7 cells, either 0.25 or 0.5 x
0.26uL complexes/well can be used as concentrations when coating the complexes with
compounds. As for A549 cells, only 0.5 x 0.26uL complexes/well should be used,
because the 0.125 and 0.25 x 0.26uL complexes/well produce too low of readings,
resulting in increased error percentage between triplicates. For simplicity, all future highthroughput luciferase assays were transfected with 0.5 x 0.26uL complexes/well.

3.9 Finding Optimal Transfection Times

3.9.1 Purpose
It is important to ensure that optimal transfection times are used, because timing is
a factor in transfection conditions. Previous experiments1 has used 3 hours as
transfection times, but it was not in a 96 well plate format. Optimal transfection times
will be chosen based on the cost of time vs. the level of transfection,
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3.9.2 Methods
The methodology for high-throughput assay was repeated with modifications as
discussed previously for A549 and MCF7 cells. However, the following transfection
times were compared on the same plate in triplicates: 1, 2, 3, and 4 hours.

3.9.3 Results
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Figure 7 The affect of different transfection times on A549 cells.

MCF7 Transfection Times
80
60
40

20

0

m

,
2

C hJ

,___

3

Transfection Times (hours)

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

25

Figure 8 The affect of different transfection times on MCF7 cells.

3.9.4 Discussion
For both cell lines, 2 hours of transfection seemed to yield the most relative light
units. Perhaps the cells began to stress due to lack of serum in the medium during
transfection, which may have resulted in reduced expression of p4241. Because 2 hours
of transfection resulted in higher luciferase assay measurements and is a shorter amount
of time then the original 3 hours of transfection, it therefore became the transfection time
for the high-throughput luciferase assay.

3.10 Overall Discussion
There were many modifications made to the previous luciferase assay and
transfection conditions to design this high-throughput assay. The first modification was
scaling down all quantities of reagents and number of cells seeded to accommodate for
the small area and volume of the wells in the 96 well plate. Wells with conical bottoms
were preferably used over flat bottom wells, because its geometry allows for better
separation between the supernatant and pellet when centrifuging. Interestingly enough,
flat bottom wells can be used, but for A549 and MCF7 cell lines, they often resulted in
lower measurements than in conical bottom wells (data not shown). However, the use of
conical bottom wells more often resulted in less evenly distributed cells compared to in
flat bottom wells (data not shown). This factor seemed to nevertheless be negated by the
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fact that triplicates were used and data was compared to controls on the same plate.
Nevertheless, it is important to understand that for every different cell line, some
modifications to this high-throughput assay may be necessary.
For example, because cells grow at different rates, seeding conditions may vary
between different cell lines because a confluency of 70% is recommended for
transfection. For A549 and MCF7, this meant that they were seeded at 50% confluency
so that they could grow to 70% confluency the next day. Additionally, different cell lines
transfect differently so it is important to pin point the concentration of complexes
required for the transfection of new cell lines before applying the high-throughput
luciferase assay. Another important factor to realize for different cell lines is whether or
not they can be seeded on conical bottom wells, because some cell lines aren’t capable of
attaching to the bottom of the well as quickly as others. Consequently, these cells would
collect at the bottom tip of the conical bottom well, which causes their inability to ever
attaching to the bottom of the well since they are on top of other cells. For example, a
member of the lab, Qua Yun Shi, must use flat bottom wells when dealing with the
H1299 cell line. There are, however, many steps in this high-throughput luciferase assay
that remains universal for all cell lines.
For the most part, all of the steps after transfection remain the same for all cell
lines for the high-throughput luciferase assay. The setting on the luminometer will
remain the same, where there will be lOOuL dispersed, shaking at 420 rpm for 2 seconds,
a lag time of 14 seconds, and an integration time for 1 seconds. These settings allow data
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to measured at a rate of less 20 seconds per well. This is over 6 times faster than the
previous luciferase assay, which took at the very least 2 minutes to measure one sample.
Additionally, other improvements have been made to increase time efficiency using this
high-throughput assay for the A549 and MCF7 cell lines. A significant of time was
saved by decreasing the transfection time from 3 hours to 2 hours, and removing the
freeze-thaw cycle step. With this high-throughput assay, large libraries of bivalent
compounds that can be screened much more quickly than before to find ligands that
would target specific cells.
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4. Screening the Library of Bivalent Small Molecules
4.1 Introduction
No optimal small molecule ligands have been identified that selectively target cell
surface receptors on specific cancer cells and cancer subtypes. In any case, there will be
no universal solution to this problem. We predict that, for instance, lung cancer cells
require a different targeting ligand than that used for delivery to breast cancer cells, and
different subtypes of breast cancer cells will require different targeting ligands. In vivo,
the cell surface receptors on primary tumor cells could differ from those found on the
distant metastatic cells due to differences in their micro-environments, and thus may
require different ligands to achieve targeted delivery. Exploitation of the full potential of
BIV complexes requires such ligands to allow the complexes that display them to target
specific solid tumors and their metastases. Therefore, the search for better cell surface
receptors to use for targeted delivery is critical and fortunately is doable using our
proposed approach in which the function and identity of the best unique receptors are not
required for the targeting strategy, because it is the compounds that are being screened.
A method developed in the Burgess lab allows production of small molecules
designed to bind proteins selectively. Importantly, the small molecules to be prepared are
“bivalent” so they are particularly appropriate for binding cell surface receptors, and will
resemble secondary structure motifs found at hot-spots in protein-ligand interactions.
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The Burgess group has had success in designing bivalent beta-tum mimics that have an
affinity for cell surface receptors. The strategy has been adapted to give bivalent
molecules that have hydrocarbon tails to allow them to be coated on to the BIVs.

4.2 Overview
In order to screen the library of compounds using the high-throughput assay, there
were a few necessary steps. The compounds had to be made water soluble in order to
coat the DNAdiposome complexes. Additionally, it was necessary to find out the amount
of compounds to coat the complexes with. Thereafter, the library of compounds were
screened against a human breast cancer cell line (MCF7) and a human epithelial lung
cancer cell line (A549). Once compounds that increased transfection in these cell lines
were identified, they were assayed against the MCF10A cell line, which is a considered a
“normal” human mammary epithelial cell line, to study whether or not the compounds
were selective for the two human carcinoma cell lines.

4.3 Materials
MCF10A Cell Medium
- 500mL DMEM/F12
- 25mL Horse Serum (ATCC, #30-2040)
- IOOuL of lOOug/mL EGF (R&D Systems, #236-EG)
- 250uL of lmg/mL Hydrocortizone (Sigma, #H-0888)
- 50uL of lmg/mL CholeraToxin (Sigma, #C-8052)
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- 500uL of lOmg/mL Insulin (Sigma, #11882)
- 5mL Pen/Strep
MCF10A Serum Free Medium
- 525mL DMEM/F12
- IOOuL of lOOug/mL EGF
- 250uL of lmg/mL Hydrocortizone
- 50uL of lmg/mL CholeraToxin
- 500uL of lOmg/mL Insulin
- 5mL Pen/Strep

4.4 Methods

4.4.1 Bivalent Small Molecules
The compounds were made from members of Dr. Kevin Burgess’s lab from Texas
A&M according to the depicted schemes.

Synthesis o f Compound KB990
KB990 was used as a positive control, because it mimics the RGD ligand. It was
synthesized according to Scheme 2.

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

31

MeOOC

„COOj6 u

Z-Gly-OH, EDC, WOBt, NMM

NHj HCi

CH2C
CHj CJj2., 25 cC, 18 h

CQOffiu
josu
= «

ms=oc^ nA -

^COOfflu
MeOOC
MeOOC’^ NN'^^v^ ' NHZ
H
07%

Z-ArsfBoc^OH, EDC, HOBt, NMM

Hj, Pd/C
.
MeOH, 25 °C, 4 h

CHjC; 25 CC, 18 h

/COOHu
5 jf H
M eO O C ^N ^^^N

H

f

COC:

5

N

NK

Cbz

2

CH Cf , 25 cC, 2 h
2

2

NHBec

M

X cc

COOJBu

5 i H5 I

H

NV ^ ] 1

NBoc

\

M e O O C ^ f j NHCbz
O
13%

quantitive

N

H
.N^NHBoc
r" ■

I. Q
8 HH

fx‘^ 'V ' NHBos
NBcc
Q

MeOH, 25 °C, 4 h

COOfiu

----- :___________________

nh=

H
<pantlive

CQOiBu

h2, Pd/C

r

NHBoc

X

! I h! u

MeOH, 25 °C, 4 h
71

%

quantitive

HO

NH

2

> 0
(i) Dichlorotriazine, MeCOC''"'' N

«

NH

J J
r

h

r \s = n

(ii>TFA
„0

^ O

^ "- N
"H

I „
L
NH

HN^NH2
KBm

Scheme 2 Synthesis of KB990.

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

IOK
k

32

Synthesis o f Compounds KB991-1005
As shown in Scheme 3, Boc-protected monomeric compounds were treated with
30% TFA in CH2C12 for 4 hours at 25°C. The solvent was removed and residue was
redissolved in DMSO to make a solution of 0.03 M. The dichlorotriazine linker scaffold
was added to the above solution and followed with K2C03. The resulting suspension was
sonicated for 15 min and agitated on a mechanical shaker for 7 days. The DMSO was
lyophilized and aqueous HC1 solution (5%, ca 0.5 ml) was added to the above solid
residue and sonicated for 3 min. Most of the compounds were precipitated in the acidic
aqueous solution and they were transferred to a 15 ml centrifuge tube and centrifuged for
15 min and the aqueous solution was carefully removed with a glass pipette. The solid
products were dried under vacuum for 14 h to give the final products KB991-1005.
(!) 30% TFA in
4h, 25 °C
B dcN

'

R

(ii)

K CO , DMSO,
7 days, 25
2

3

HN^
17

KB991-1005

Scheme 3 Synthesis of KB991-1005.
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Synthesis o f Compounds KB1006-1140
Compounds KB1006-1140 were categorized as compounds 3, and were synthesis
as shown in Scheme 4. Analyses via HPLC with SEDEX detections indicated that more
than 90 % of the inorganic salts were removed via this procedure.
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Scheme 4 Solution phase method for the preparation of the library of compounds 3.
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Results
Figure 9 and Figure 10 show the purities of the crude products obtained after
aqueous work-up of the library of compounds 3. This library was actually designed for
the NIH repository for which the threshold was >90 % purity via either UV or SEDEX
detection. All the compounds in the library met this criterion.
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Figure 9 Purities of the library of compounds 3 where the detection method was UV set at 254 nm.
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Figure 10 Purities of the library of compounds 3 where the detection method was SEDEX detection.
The term “cap” is used for morpholine.

Preparation o f Aliphatic Hydrocarbon Chain Labeled Bivalent Compounds 81
As shown in Scheme 5 below, compounds 3 (ca 10.0 mg) were dissolved in 1.0
ml THF/H20 (v:v =1:1) and CuS04 solution (1.0 M, 10 jiL) was added to the above
solution and followed by Cu powder (1.0 mg). The azidooctadecane in THF solution (0.1
mmol, 0.2 ml) was then added and the resulting suspension was stirred at 25 °C for 24 h
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and filtered through a glass pipette filled with silica gel with 30 % methanol in CH2C12
as eluent. The solution was dried and concentrated to give compounds 81.
Compounds 81 were originally analyzed by HPLC with CH3CN/H20 as eluents but the
compounds couldn’t pass through the column. The eluents later used were: solvent A
(20% H 20, 5% THF and 75% MeOH with 0.1% TFA) and solvent B (20% H 20, 5%
MeOH and 75% THF with 0.1% TFA). Analytical HPLC analyses were carried out on 25
x 0.46 cm C-18 column using gradient conditions (5 - 95% B) for 30 minutes. However,
the peaks of the HPLC spectra were still broad. The HPLC data of compounds

81 were not obtained at this stage.

.17

Cu/CuS04, THF/H20
8 h. 25 °C

O'
3

81

Scheme 5 Adding aliphatic hydrocarbon chain to compounds 3 to make compounds 81.
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4.4.2 Cleaning of Glassware Used for Dissolving Compounds
Dust was removed from glassware using dust remover (Blow Hard, Scienceware,
#17080-200). They were then cleaned with RBS detergent (Pierce, #27960). Then they
were thoroughly rinsed with tap water, DI water, and finally sterile water (Baxter,
#2F7114). They were then left to dry overnight and were autoclaved the next day.

4.4.3 Dissolving the Compounds in Water
The compounds are originally insoluble in water. However, it is necessary for
them to be dissolved in water in order for coating of DNA: liposome complexes to occur.
Under a hood, the compounds were first dissolved in 250uL of Chloroform
(Mallinckrodt, #4443) and 250uL of Methanol (Sigma, #34860-1L-R). Thereafter, the
solution was transferred to a clean round bottom 13x100mm glass tube (PGC Scientifics,
#73750) where Argon (Air Liquide, #UN 1006) was used to evaporate the solution to
leave a thin film at the bottom of the tube. Rehydration of the film with sterile water
(Baxter, #2F7114) to a concentration of 5mg compound/mL was completed by sonication
(Elma Lab-Line Transsonic 820/H) at 50°C. The solution was stored at -80°C in aliquots
of 200uL in lm L cryotubes (Nunc, #377224). Of the 150 compounds received, 27 could
not be dissolved in water. These compounds contained large chunky or overly gelatinous
material and so they were not tested.
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4.4.4 Coating Compounds on to DNA: liposome complexes
Compounds were diluted with water to desired concentrations. Afterwards, luL
of the dilution was slowly mixed with lOuL of DNA:liposome complexes in a 96 well
plate. The plate was tightly covered with adhesive film (VWR, #60941-064) so that there
would be no evaporation as the compounds incubated with the complexes at room
temperature overnight.

4.5 Finding Compound to DNA Ratios for Coating DNA:liposome Complexes

4.5.1 Purpose
The purpose of this experiment was to discover at what ratio of compounds to
DNA to coat the complexes with. This experiment used an RGD mimic, a known ligand
that targets lung cancer cells,80 as a positive control to find this range of ratios.

4.5.2 Methods
The high-throughput luciferase assay was performed on A549 cells as shown in
the previous section. DNAdiposome complexes were coated with various dilutions of the
RGD mimic (KB990) the day before transfection. Before coating, the KB990 was
diluted using 1:10 serial dilutions to the following concentrations: 5 x 106, 5 x 105, 5 x
104, 5 x 103, 5 x 102, 5 x 101, 5 x 10°, 5 x 1 0 1, 5 x 10'2, 5 x 10'3, and 5 x 10'4 pg
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compound/uL. This resulted in compound to DNA ratios of 106, 105,104, 103, 102,101,
10°, 10'1, 10'2, 10'3, and 10'4 pg compound/ug DNA.
On the day of transfection, the coated complexes were diluted by adding 374uL of
D5W to each of the 1luL compounded coated complexes incubated overnight. The cells
were transfected for 2 hours at 0.5 x 0.26 uL complexes/well by adding 5uL of the diluted
compounded coated complexes to 45uL of serum free medium. The rest of the assay is
the same as previously mentioned for high-throughput luciferase assay.

4.5.3 Results

Transfection of A549 with KB990 at various Compound to DNA Ratios
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Figure 11 The affect of different KB990 to DNA ratios on transfection.
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4.5.4 Discussion
The results suggested that complexes should be coated within a range of lO ’-lO4
pg compound/ug DNA, because transfection efficiency is increased in that range relative
to uncoated complexes. This seems to be within the range found in previous data
involving the coating of liposomes with ligands.64 Therefore, for screening, each of these
bivalent compounds will be added at surface concentrations ranging from 1 x 10'1 - 104
pg per ug of therapeutics (e.g. chemotherapeutic drugs, gene therapeutics) or reporters
{e.g. luciferase, chloramphenicol acetyltransferase (CAT)}. This matches previous work
with coating ligands on the surface of BIV complexes.1’64

4.6 Screening All Compounds

4.6.1 Purpose
The purpose of this experiment was to find compounds that would increase
transfection efficiency relative to uncoated coated complexes in order to target lung and
breast cancer cells in vivo in the future.

4.6.2 Methods
DNA:liposome complexes were coated with compounds at the ratios of 103, 1016,
10°3, and 10'1 pg compound/ug DNA. The high throughput luciferase assay was done on
MCF7 and A549 cells in triplicates for each of the aforementioned ratios for all
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compounds received from Dr. Kevin Burgess’s lab. They were all compared to uncoated
complexes for transfection efficiency.

4.6.3 Results
Of the 123 compounds that have been screened, the following showed significant
increase (over 1.5 fold) in transfection efficiency in MCF7 (Figure 12) and A549 (Figure
13) cell lines.
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2.40

0 . 0 1

1.05

0.15

1.03

0.24

0.90

0.04

1036

2.15

0 . 2 1

0.80

0 . 1 2

0.94

0.26

0.84

0 . 1 2

1039

1 . 8 8

0.45

0.83

0.07

0.85

0.23

0.67

0 . 2 2

1063

1.81

0.03

2.25
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0.90

0.17

1 . 0 2

0.27

1064

2 . 1 0

0.59

1.59

0.55

0.99

0.24

0.59

0.19

1066

2.31

0.46

1.54

0.39

0.60

0 . 1 1

0.97

0.28

1067

3.03

0.36

1.43

0.29

0 . 8 6

0.04

0.89

0.39

Table 1 Values of the relative transfection efficiency from promising compounds targeting MCF7
cells. RLU was normalized by uncoated complexes for relative values of transfection efficiency.
□ 1 0 ^ p g C om pou nd/u g DNA

1035

1036

1039

1063

1064

1066

1067

C om pound #

Figure 12 Graphed values from Table 1.
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Compound #

1001
1003
1042
1051
1062
1096
1107
1108
1029

RLU
2.56
2.08
2.06
0.82
0.80
3.22
1.25
1.48
1.66

error

1.03
0.46
0.51
0.14
0.21
1.46
0.66
0.40
0.73

RLU
2.04
1.34
0.83
0.56
0.46
1.46
1.16
0.55
2.49

10 C-U

o

o

10 1.6

103

pg Compound/ug DNA

CO

42

RLU
0.79
1.01
1.12
0.54
0.94
1.35
2.96
1.42
0.42

error

0.79
0.37
0.09
0.32
0.05
0.12
0.46
0.02
0.71

error

0.32
0.35
0.55
0.21
0.30
0.41
0.25
0.64
0.25

RLU
0.68
0.71
0.80
1.76
2.07
1.94
0.67
2.13
0.69

error

0.18
0.12
0.32
0.74
0.36
0.77
0.31
0.82
0.17

Table 2 Values of the relative transfection efficiency from promising compounds targeting A549
cells. RLU was normalized by uncoated complexes for relative values of transfection efficiency.

A549

■ 10*3 pg C om pound/ug DNA

■ 10* 1.6
□ 10*0.3

(0 «

□ 10*<-1)
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1001
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‘t
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1

1108
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C om pound #

Figure 13 Graphed values from Table 2.

4.6.4 Discussion
For the MCF7 cell line, 7 compounds were found to have increased transfection
efficiency by more than 1.5 folds. As for the A549 cell line, 9 compounds were found to
have increased transfection efficiency by more than 1.5 folds. Interestingly, the
compounds for both cell lines were different from one another. This suggested that the
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compounds were specific for that cell type. However, because we hope to target cancer
cells specifically in the future, it is even more important that these compounds do not
increase transfection efficiency in normal cell lines.

4.7 Screening Compounds on the MCF10A Cell Line

4.7.1 Purpose
MCF10A is a human mammary epithelial cell line. Therefore, it was used in this
study as a representative of normal cells in vitro to test whether or not the compounds
that increased transfection efficiency in either the human epithelial lung carcinoma cell
line (A549) or the human breast adenocarcinoma cell line (MCF7) were selective for the
cancer cell types.

4.7.2 Methods
The high-throughput luciferase assay was done on MCF10A cells with
transfection conditions of 0.25, 0.5, 1, and 2 x 0.26uL of complexes/well in order to find
out the concentration of complexes to transfect with so that any possible increases in
transfection efficiency due to compounds were not masked.
The high-throughput luciferase assay was then done on MCF710A cells with
complexes coated with the compounds found to have increased transfection efficiency in
A549 and MCF7 cell lines at repeated compound to DNA ratios. Based on the results in
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Error! Reference source not found., MCF10A was transfected at 0.5 x 0.26uL
complex/well.

4.7.3 Results

MCF1OA TRANSFECTION

0.5

1

1.5

2

2.5

Complex Concentration (x 0.26uL complex/well)

Figure 14 The affect of different complex concentrations on bioluminescence in A549 cells.

pg Compound/ug DNA

103

1 0 0.3

10 16

10 M)

Compound #

RLU

error

RLU

error

RLU

error

RLU

error

1108

0.89

0.15

0.87

0.02

1.01

0.25

1.04

0.21

1051

0.96

0.20

0.92

0.25

0.90

0.11

1.34

0.29

1062

1.12
0.84

0.15

1.41

0.04

1.15

0.19

0.88

0.04

0.10

1.05

0.20

0.85

0.22

0.10
0.35

1063
1064

1.00

0.28

1.14

0.37

1.07

0.27

1.20
1.18

1066

1.05

0.04

0.88

0.14

0.85

0.07

0.76

0.21

1067

1.31

0.14

1.06

0.27

1.25

0.07

1.15

0.21

1096

1.05

0.08

1.13

0.30

1.21

0.23

1.08

0.23

Table 3 Values of the relative transfection efficiency from promising compounds targeting MCF7
and A549 cells, but screened on MCF10A cells. RLU was normalized by uncoated complexes for
relative values of transfection efficiency.
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□ ICKQ pg Compound/ug DNA

Transfection of MCF10A Cells

1108

1051

1062

1063

1064

1066

1067

1096

C om pound #

Figure 15 Graphed valued from Table 3.
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pg Compound/ug D NA
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RLU

error

RLU

error

RLU

error

0.25

1.02

0.10

0.97

0.15

0.93

0.07

0.16

0.99

0.15

1.07

0.16

1.00

0.32

Compound #

RLU

error

1107

1.01

1001

1.03

1003

1.05

0.27

1.02

0.30

0.92

0.25

0.94

0.11

1029

1.07

0.14

1.10

0.09

1.15

0.21

1.06

0.30

1035

0.96

0.08

0.84

0.12

1.24

0.14

1.04

0.26

1036

1.09

0.17

0.90

0.16

0.96

0.16

0.79

0.09

1039

0.91

0.04

1.07

0.19

1.11

0.29

1.06

0.30

1042

0.85

0.09

1.04

0.23

1.18

0.20

1.24

0.22

Table 4 Values of the relative transfection efficiency from promising compounds targeting MCF7
and A549 cells, but screened on MCF10A cells. RLU was normalized by uncoated complexes for
relative values of transfection efficiency.
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G310*3 p g C o m p o u n d /u g DNA

Transfection of MCF10A Cells

■ 10*1.6
□ 1 0 * 0 .3

□ 10*(-1)

1107

1001

1003
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C om pound #

Figure 16 Graphed values from Table 4.
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Compound #

ratio

1001

2.48

1003
1029
1035

1.98
1.55
2.50

ratio
2.07
1.32
2.26
1.25

0.37
0.83

1036

0.89

0.98

1.07

1039

1.97
2.07

0.78

1042

2.42

0.80

0.76
0.95

0.63
0.65

0.74

0.68

1.10

0.76
0.65

0.86

1051

0.86

0.61

0.60

1.31

1062
1063
1064
1066

0.71
2.16

0.33
2.14

2.36
0.85

2.11
2.20

0.50
1.28

1067
1096

2.31
3.06

1.39
1.75
1.35

0.82
1.06
0.92
0.71
0.69

0.77

1.11

1107
1108

1.24

1.29
1.14

3.06

1.80
0.72

1.66

0.63

1.40

2.04

Table 5 The table shows the ratio of transfection efficiency for the targeted cell line vs. MCF10A.
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4.7.4 Discussion
For the most part, none of these compounds were able to increase transfection
efficiency greater than 1.5 fold in MCF10A cells. However, compounds 1051,1062, and
1042 were able to increase transfection efficiency in MCF10A cells to some extent as
well (up to 1.4 fold for 1062). Therefore, it was important to also understand how much
more a compound would increase the transfection efficiency in a cell line compared to
another. From this perspective, almost all of the compounds showing to increase
transfection efficiency in A549 or MCF7 cell lines were at least 1.5 folds more specific
towards those cancer cells than the MCF10A cells for at least one of the compound to
DNA ratios. The only exception was compound 1035, which was shown to target A549
cells only 1.3 times better than MCF10A cells when the complexes were coated at 10(1)
pg compound/ug DNA.

4.8 Overall Discussion
Because these bivalent compounds were made to mimic protein hot-spots, 16
compounds that increased transfection efficiency were discovered within a relatively
small library. However, although the assay is considered high-throughput, the whole
process of finding these compounds took a lot of time, mainly due to their preparation
into an aqueous solution. Fortunately, because different cell lines seem to have different
receptors to target, the same library can be screened for all other cell lines. Thus, the
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preparation is only necessary one time. This study was a perfect example of how the
same library can be screened for different cell lines.
As predicted, the set of compounds found for the A549 cell line was different
from the MCF7 cell line. Additionally, these same compounds did not significantly
increase transfection efficiency in the MCF10A cell line. Therefore, it suggests that they
target each cancer cell lines specifically. However, it would have been very interesting to
see a compound that was able to increase transfection in both cancer cell lines, but not the
normal cell line. This would possibly mean that there is a receptor that is present in
cancer cells, but not normal cells.
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5. Preliminary Testing of Bivalent Small Molecules InVivo
5.1 Introduction
Like all other potential therapeutics in research, we eventually must show that this
works in vivo. Therefore, the next step in this project is to prove that the compounds that
were able to specifically increase transfection efficiency in the human lung and breast
cancer cells could do the same in mice models. Unlike the synthesis of these bivalent
compounds and the high-throughput luciferase assay, the methodology to test these
compounds in vivo is nothing new. Instead of the luciferase reporter gene, the
chloramphenicol acetyltransferase (CAT) reporter gene will be delivered. CAT is more
practical to use for measurement of transfection efficiency in vivo than luciferin simply
because CAT has no back ground is tissues, whereas luciferin does. However, this
doesn’t negate the flexibility of using the luciferin reporter gene or any new reporter
genes for the same application in the future. Unfortunately, this study itself only
scratches the surface of where this project is headed in the future.

5.2 Overview
This fraction of the project is part of a preparation phase, where I must prove that
I could properly delivery the CAT reporter gene via tail vein injections. Therefore, this
essentially involved perfecting the tail vein injection, properly isolating organs, and
successfully completing the CAT ELISA.
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5.3 Materials
Homogenization buffer
- 250 mM Tris-HCL, ph 7.5 (Invitrogen, #15567-027)
- 5mM EDTA (Gibco, #15575-038)
- IX Protease Inhibitor Cocktail (Sigma, #P8340)

5.4 Methods

5.4.1 Purification of Plasmid DNA
The p4119 plasmid was obtained from Robert Debs (California Pacific Medical
Center Research Institute, San Francisco, Ca). All plasmids were amplified using
subcloning efficiency DH5a Competent Cells (Invitrogen, #18265-017) under lOOug/mL
ampicillin (Sigma, A2804) for selection according to user’s manual. They were all
purified by anion-exchange chromatography using the Qiagen Endo-free Plasmid Giga
Kit (Qiagen, Germany), and dissolved in sterile water. DNA purity and concentration
was measured using Perkin Elmer MBA 2000. All plasmids were stored at -80°C.

5.4.2 Checking for Correct Plasmid DNA
In order to ensure that the correct plasmid DNA was purified, a sample was
digested with the restriction enzymes Hind III (Invitrogen, #15207-012) and Xho I
(Invitrogen, #15231-012) according to user manual and assayed for size using
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electrophoresis on a 1% agarose gel (Invitrogen, #15510-027) + lug/mL ethidium
bromide (Invitrogen, #15585-011). The 1KB Plus DNA (Invitrogen, #10787-018) and X
DNA/Hind III fragments (Invitrogen, #15612-013) ladders were used.

5.4.3 Tail Vein Injections
Previous to tail vein injections, 400uL of liposomes complexed with p4119 were
made, and then diluted with 400uL of D5W. They were stored in cleaned glass vials
(Wheaton, #224882). Mice were transferred to a holding device (a 50mL tube with holes
appropriately cut), which restrains the mouse while allowing access to the tail vein. The
tails were cleaned with ethanol, which also helped dilate the veins. Using a 30g needle
(Becton Dickinson, #305106), 200uL of diluted complexes were slowly injected into one
of the lateral tail veins at a rate of 200uL per minute. After removing the needle, the
injection site was held with Kim wipes to stop the bleeding before returning to the cages.
Tail vein injections were performed on two male Balb/c mice at 8 weeks and
approximately 20 grams.

5.4.4 Isolation of Organs
Mice were put to sleep via carbon dioxide, followed by dislocation of the neck.
The following organs were isolate in this order: brain, pancreas, spleen, colon, liver,
kidney, thymus, heart, lung, and muscle (from quadriceps). Organs were immediately
washed in cold PBS, slightly dried off with a Kim wipe, placed in a labeled 2mL
eppendorf tube, and then frozen in liquid nitrogen. They were stored in -80°C.
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5.4.5 Homogenization of Organs and Protein Extract
Organs were first weighed. Any organ weighing over 0.2g was cut so that they
would weigh within the range of 0.05-0.2g. Organs were homogenized using the Tissue
Tearor (Biospec, #985370-395) with a 7mm diameter probe (Biospec, #985370-07) in
500uL of homogenization buffer. They were then lysed by 3 freeze/thaw cycles, using a
dry ice/ethanol bath and 37°C bath. Afterwards, samples were heated for 10 minutes at
65°C, and then centrifuged at 16,000 x g for 2 minutes. The supernatants were then
saved for protein concentration assays and CAT ELISAs by storage at -80°C.

5.4.6 Protein Assay
Protein concentration was measured on the supernatants using the Pierce Micro
BCA Protein Assay Kit in order to normalize data from the CAT ELISA. However, the
protocol was modified for assay using a 96 well plate. A standard of 0, 1, 2, 3, 4, and 8
uL of 1 mg/mL BSA was used in duplicates. A sample from each supernatant was
diluted 1, 4, and 8 folds with tissue buffer. 5uL of each dilution was measured in
duplicates by adding 150uL of BCA reagent to each well, incubating for 30 minutes at
37°C, cooling for 10 minutes in room temperature, and then reading the absorbance at
562nm in a spectrophotometer (Bio-Tek Instruments, Inc., Power Wavex 340).
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5.5 CAT ELISA

5.5.1 Purpose
The amount of CAT protein in the organs isolated needed to be quantified in order
to establish that the tail injections can be done properly.

5.5.2 Methods
The amount of CAT protein was measured using a CAT ELISA (Roche,
11363727001) that uses the sandwich ELISA principle. We closely followed the user
manual, using 200uL of each protein extract. However, the lung protein extract was
diluted by 100 folds and the heart protein extract was diluted by 10 folds, because they
had high protein concentrations. Additionally, they are known to contain a lot of CAT
based on previous data.1 The BMG Labtech FLUOstar OPTIMA was used to measure
the absorbance at 405nm, along with the reference wavelength at 490nm.
Test principle

O

o
° O O
O O

O

O

anti-CATc o a te d

MP

CAT
s a m p le /

standard

anti-CATDIG

anti-DIGPOD
Fab-fragment

O

ABTS*
s u b s tra te

Figure 17 Illustration of the test principle of the CAT ELISA.
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5.5.3 Results

CAT in Mice Organs
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Figure 18 Normalized quantity of CAT in mouse organs.

5.5.4 Discussion
The tail vein injections were done properly since the results matched previous
published data.1 It makes sense that the lung showed the highest levels of CAT, since
this is the first organ the BIV complexes are delivered to when using tail vein injections.
The same logic explains why the heart has the second most amount of CAT. There is a
patented technology (Templeton, N.S. US Patent No. 7,037,520 B2 issued May 2, 2006),
called reversible masking, in Dr. Nancy Smyth Templeton’s lab that enables the BIV
complexes to bypass the transfection of the lung and heart. Briefly, because the BIV
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complexes depend on their positive charge for their fusogenic entry into cells, the
reversible masking technology bypasses non-target organs by providing temporary
shielding of the positive charge and then providing re-exposed charge at the target cell
surface. In the past, combined with targeting ligands, this has increased the production of
CAT in the liver by 100-fold,1 as shown in Figure 19.
3000

2000

com plexes com plexes + co m p lex es +
asialofetuin asialofetuin +
m asking a g e n t

Figure 19 Enhanced delivery of DNA:liposome complexes to the liver using succinylated asialofetuin
as the targeting ligand.

Therefore, these compounds could have the same targeting potential as the succinylated
asialofetuin when combined with the reversible masking technology.
In order to discover this targeting potential in vivo, mouse models must be made.
Currently, we are in the process of making orthotopic MCF7 human breast cancer
xenografts in mice. After we inject these mice with reversibly masked and compound
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coated BIV complexes, the mammalian glands will be isolated and assayed for CAT
shown with the other organs in this study. If successful, there are many avenues this
project can take thereafter.
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5. Main Discussion
Our screening method is far more direct and powerful than the best contemporary
methods featuring phage display because those simply provide a read-out for cell surface
binding and generate numerous false positives. In contrast, the high-throughput
luciferase assay that we have designed generates data from cells that have actually had
the DNA delivered beyond the cell surface and into the cell nucleus. Our work will
enable delivery of ligand-functionalized BIVs via unidentified cancer cell surface
receptors. The prospect that unknown receptors could give higher levels of targeted
delivery than is possible via known receptors is both probable and exciting. Additionally,
this assay can be applied to screen the many cell lines we have access to, since there is a
lack of known receptors to target for many different cancer lines.
The current known receptors on cancer cells may not be the most useful for
targeting, therefore methods to use more robust cell surface receptors are highly
desirable. For the A549 and MCF7 cell lines, we have already found a handful of
compounds that selectively targets unknown receptors to increase transfection efficiency.
Many other cancer cell lines will be screened in the future. As an Associate Clinical
Member in the Baylor College of Medicine Cancer Center, Dr. Nancy Smyth Templeton
has access to hundreds of established human cancer cell lines and to lines derived from
patient samples in laboratories within the Center. Additional cancer cell lines will be
purchased from the American Type Tissue Collection (ATTC) if needed. In vitro studies
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will evaluate delivery of all ligand-coated BIV complexes to established human cancer
cell lines and to cultured cancer cells obtained from patient samples, including but not
limited to, those derived from the lung, breast, pancreas, prostate, melanoma, ovaries, and
head/neck.
Furthermore, in vivo, the cell surface receptors on H I299 lung tumor cells could
differ from those found on the distant metastatic cells due to differences in their micro
environments, and thus may require different ligands to achieve targeted delivery.
Therefore, if required, we will also culture metastatic cells from different organs and use
them in our in vitro high-throughput screening of bivalent compound libraries. There are
two members within Dr. Templeton’s lab that have extensive experience in culturing
primary cells. If different ligands are required, we would identify the appropriate
bivalent molecules required to target delivery to each metastatic tumor type in the H1299
metastatic model. More interestingly, perhaps we could also find bivalent compounds
that target delivery to cancer stem cells that are thought to propagate tumors even after
numerous types of therapeutic treatments. However, targeted delivery to the extremely
small population of cancer stem cells would be a “home-run”, but this ambitious goal
may not be realistic. Repeat iv injections should be possible, so assessments of various,
appropriate ligand-coated BIV luciferase complexes could be studied in the same mouse
using in vivo imaging studies in living mice described below. After identifying these new
bivalent molecules to potentially target different tumor types in the H I299 metastatic
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model, we would perform the future in vivo experiments listed below in this model to
assess targeted delivery to the tumors in different organs just like with the other cell lines.

5.1 Future Work
We will initially focus our in vivo studies in well-established models including the
human H I299 non-small lung cancer metastases model in SCID mice and in the
orthotopic human breast cancer MCF7 model in female athymic nude mice, both of
o

£C

which we have successfully reproduced in our laboratory. ’

The H I299 metastatic

model is produced by injecting H1299 cells into the tail veins of SCID mice and allowing
tumors to grow in all organs by 40 d post-injection. H1299 cells are human p53 null, and
therefore, lack the ability to undergo programmed cell death produced by the presence of
the pro-apoptotic wild-type p53 protein. The p53 gene encodes a 53 kD phosphoprotein
involved in cell cycle regulation and cell survival. In response to DNA damage, p53
induces cell cycle arrest in Gi which allows cell repair. Alternatively, p53 initiates
apoptosis (programmed cell death). The orthotopic MCF7 model is established in female
athymic nude mice that have estrogen tablets implanted one day prior to injection of the
estrogen-dependent, breast adenocarcinoma human MCF7 cells into the mammary fat
pad. MCF7 cells produce the normally low levels of p53 found in normal cells.
However, previous studies have shown that over-expression of p53 in tumors that express
the normally low levels of wild-type p53 can also promote tumor regression.3
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Furthermore, p53 can mediate apoptosis despite the presence of dominant/negative p53
mutations in tumor cells. Therefore, p53 gene replacement strategies can be broadly
applied for the treatment of many types of cancer. Specific combinations of genetic
mutations in oncogenes or in tumor suppressor genes produce tumors by immortalizing
cells and circumventing normal control of cell growth. Mis-sense mutations in p53 are
frequent in human breast cancer cells, and mutant p53 influences disease progression.
Induction of apoptosis in tumor cells prevents proliferation and uncontrolled cell growth.
Delivery of DNA encoding wild-type p53 has demonstrated efficacy for the treatment of
cancer in human clinical trials. Apoptosis has been observed in breast cancer cells
transfected with the wild-type p53 gene.66’67 Therefore, p53 gene therapy could be useful
in the treatment of human breast cancer. If time and resources are available to perform
our studies in other tumor models we will also include pancreatic, prostate, melanoma,
ovarian, and head and neck tumors, etc and their metastases.
Additionally, for the purpose of fine tuning the details of targeting cancer cells in
vivo, we will also assess BIV-CAT DNA complexes versus ligand-coated BIV-CAT
DNA complexes both with and without reversible masking. Determination of optimal
size for targeted complexes using the bivalent compounds is essential.1 Therefore,
complexes with different turbidities and particle sizes produced for in vitro studies will
be compared with complexes that are further sized in the range of 20 to 500 nm using our
manual filtration technology.1 The size fractionated complexes will also be assessed for
turbidity and by cryo-electron microscopy (cryo-EM). We will use the best bivalent
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compounds with hydrocarbon tails that we have identified in our in vitro high throughput
screen described above to coat fractionated and unfractionated BIV complexes. Targeted
delivery will first be assessed by performing CAT ELIS As on whole organ extracts post
intravenous (iv) injections. We will also check for specificity, for example, by using the
“breast ligand” in targeted delivery to the lungs in the H1299 lung tumor model versus
delivery to breast tumors in the MCF7 model. We will also perform assays after direct
tumor injections and compare results obtained after iv injections.
For experiments that show delivery of at least 10% of injected complexes to the
target tumors, we will repeat these studies using in vivo imaging systems including
cooled charge coupled device camera (CCD) imaging of luciferase and magnetic
resonance imaging (MRI). We have performed CCD imaging studies of mice iv injected
with BlV-luciferase DNA complexes.68 Similarly, the proposed CCD imaging studies
will be performed using the Baylor College of Medicine core IVIS 100 Imaging System
(Xenogen Corp) to compare the results obtained from organ assays with in vivo imaging
of luciferase. The Baylor College of Medicine also has a core mouse Bruker BioSpin
PharmaScan MRI magnet (7.0T) including a monitoring unit that is available for use in
our proposed studies. We have also performed BlV-gadolinium studies in vivo in the
past.1 We plan to repeat these studies and assess the biodistribution of ligand-coated
BlV-gadolinium (with or without reversible masking) versus BlV-gadolinium complexes
post iv injections in our H1299 and MCF7 mouse tumor models.
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As stated above, if we have more time and resources to assess other tumor
models, such as those that spread in the peritoneum (e.g. ovarian cancer), we will also
include intraperitoneal (ip) injections in those mice. Our complexes are unique insofar as
they can penetrate tight barriers including the interstitial pressure gradient of solid
tumors, so they can achieve targeted delivery to tumor cells directly. Therefore, this
approach is not limited to delivery to tumor cell vasculature to achieve efficacy in the
treatment of cancers, and it is the treatment of the cancers that remains the ultimate goal
of the project.
Upon treatment of the cancers, one of the hypotheses to be tested in this work is
that effective targeted delivery of therapeutics should produce efficacy at lower doses
using less frequent administrations. To test this, our initial efficacy studies will focus on
delivery of doxorubicin, a widely used chemotherapeutic drug that kills cancer cells most
effectively inside the cell versus outside the cancer cells, and on the delivery of plasmid
DNA encoding wild-type p53, a widely used pro-apoptotic gene described above. We
will also encapsulate and deliver any cytotoxic bivalent compound if they are identified
as described later on. These therapeutics will initially be studied in the H I299 metastatic
model and in the MCF7 model. If time and resources permit, we will also include
delivery of other chemotherapeutic drugs and other pro-apoptotic strategies for the
treatment of cancer; the other mouse tumor models listed above would also be included.
The best reversibly masked ligand-coated BlV-complexes (as determined by the in vitro
and in vivo tests described above) encapsulating either doxorubicin alone, plasmid DNA
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encoding p53 alone, or doxorubicin combined with p53 DNA will be injected
intravenously into the H I299 metastatic mice or into the MCF7 tumor-bearing mice at
different doses. IV injection of BIVs alone will be used as the control in all experiments.
Efficacy will be measured by tumor regression and/or decreased numbers of tumor
colonies post-injection in treated animals versus the controls. These measurements will
be obtained by excising tumors at various time points post-injection and measuring the
tumor size and/or counting tumor colonies in the organs. We will also measure tumor
regression in living mice by MRI using the best reversibly masked ligand-coated BIVgadolinium complexes. Production of human wild-type p53 will also be measured in
excised tumors by quantitative Western blot analyses. These experiments should define
the ideal dose of therapeutic or combination of therapeutics. Multiple injections of the
ideal dose of therapeutic(s) will also be performed over time to determine the best
administration schedule for allowing mice to live full-term disease-free. These results
will be compared to treatments with non-targeted BIV complexes used at identical doses
of therapeutic agents and the same administration schedule.
We realize that it also very important to understand the toxicity of these novel
targeted complexes. Therefore, we will perform studies in immune competent mice (e.g.
Balb/c males and females) to measure the induction of inflammatory responses after
systemic injections (iv or ip) of our best ligand-coated BIV complexes that show optimal
targeted delivery and therapeutic efficacy in our in vivo experiments described above.
Inflammatory responses will be documented and measured by determining the levels of
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the cytokines TNF-a, IL-6, IL-12, and IFN-y in blood drawn from each mouse post
injection of increasing doses of each ligand-coated BIV complex. Blood will be drawn at
0.75 h, 2 h, 6 h, and 24 h post-injection and measured for the levels of these cytokines.
Blood cell counts will also be performed to determine the number of neutrophils,
lymphocytes, and platelets at 24 h, 48 h and 72 h post-injection. Overall physical
assessments of the mice will be made at 24 h intervals post-injection for one week.
Mortality will also be assessed every 24 h out to one week post-injection to determine
LD50’s. If deemed necessary, all of these experiments will be repeated to further
substantiate the results from the first series of injections. Since the BIV complexes have
been shown to be non-toxic and non-immunogenic (1,2), any toxicity will most likely be
due to the bivalent compounds. This may be beneficial in certain applications.
As mentioned above, since some of the bivalent compounds might be intrinsically
cytotoxic to cells in culture there is the potential to encapsulate and deliver these
compounds to kill off cancer cells, especially if they selectively target them. These
compounds will emerge in our high-throughput screen as those that produce less
bioluminescence than control, non-targeted BlV-luciferase DNA complexes. No
luciferase production would occur if cells die soon post-transfection because they will not
live long enough to produce luciferase; lowered expression relative to controls is
indicative of cells that die more slowly. To determine whether or not the potential
cytotoxic bivalent compounds target delivery into cancer cells, we would encapsulate
rhodamine labeled oligonucleotides in BIVs and attach these bivalent compounds to the
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surface as described above. Cancer cells would be transfected with these cytotoxic,
ligand-coated BIV complexes and observed under the fluorescence microscope at various
time points from 2 to 8 h post-transfection. From previous experiments performed in the
P i’s lab, fluorescence can be detected in cell nuclei within 3 h post-transfection of BIVrhodamine labeled oligo complexes. Cytotoxic compounds that are targeted to cancer
cells would produce fluorescence in these cells as detected by fluorescence microscopy.
Therefore, these cytotoxic bivalent compounds could potentially serve as
chemotherapeutics and derivatives of these without the hydrocarbon tail could be
encapsulated in BIVs used for targeted delivery to cancer cells in vivo.
Finally, we have already planned to analyze structure homologies and report the
class(es) of structures that target specific kinds of receptors.

But if time permits, we

can also identify cell surface receptors that bind to the ligands that provide the most
successful targeted delivery. These ligands can be immobilized on affinity columns, and
solubilized cell extracts can be passed over the columns. The bound material will be sent
to our Baylor Protein Core Facility for protein identification by mass spectrometry and
database analyses. If the receptor that we identify is a known signaling receptor, then we
will investigate whether our ligand activates or inhibits activation of that receptor.

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

66

References

1. Improved DNA: liposome complexes for increased systemic delivery and gene
expression, N. S. Templeton, D. D. Lasic, P. M. Frederik, H. H. Strey, D. D. Roberts, and
G. N. Pavlakis, Nature Biotechnology, 1997,15, 647-652.
2. Liposomal delivery of nucleic acids in vivo, N. S. Templeton, DNA and Cell
Biology, 2002, 21, 857-867.
3. Successful treatment of primary and disseminated human lung cancers by systemic
delivery of tumor suppressor genes using an improved liposome vector, R. Ramesh, T.
Saeki, N. S. Templeton, L. Ji, L. C. Stephens, I. Ito, D. R. Wilson, Z. Wu, C. D. Branch,
J. D. Minna, and J. A. Roth, Molecular Therapy, 2001, 3, 337-350.
4. N. S. Templeton, "Alternative strategies for targeted delivery of nucleic acidliposome complexes", Vector Targeting for Therapeutic Gene Delivery. Curiel and
Douglas ed. 2002 John Wiley & Sons, Inc. New York, NY.
5. Bilamellar cationic liposomes protect adenovectors from preexisting humoral
immune responses, P. Yotnda, D.-H. Chen, W. Chiu, P. A. Piedra, A. Davis, N. S.
Templeton, and M. K. Brenner, Mol Ther, 2002, 5, 233-241.
6. Local and systemic inhibition of lung tumor growth after nanoparticle-mediated
mda-7/IL-24 gene delivery, R. Ramesh, I. Ito, Y. Saito, Z. Wu, A. M. Mhashikar, D. R.
Wilson, C. D. Branch, J. A. Roth, and S. Chada, DNA and Cell Biol, 2004, 23, 850-857.
7. Liposomal vector mediated delivery of the 3p FUS1 gene demonstrates potent
anti tumor acitivity against human lung cancer in vivo, I. Ito, L. Ji, F. Tanaka, Y. Saito, B.
Gopalan, C. D. Branch, K. Xu, E. N. Atkinson, B. N. Bekele, L. C. Stephens, J. D.
Minna, J. A. Roth, and R. Ramesh, Cancer Gene Ther, 2004,11, 733-739.
8. Insulinoma induced hypoglycemic death in mice is prevented with beta cell specific
gene therapy, T. A. Tirone, S. P. Fagan, N. S. Templeton, X. P. Wang, and F. C.
Brunicardi, Annals o f Surgery, 2001, 233, 603-611.
9. Cell-specific cytotoxicity of human pancreatic adenocarcinoma cells using rat
insulin promoter thymidine kinase-directed gene therapy, T. A. Tirone, X. P. Wang, N. S.

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

67

Templeton, T. Lee, L. Nguyen, W. Fisher, and F. C. Brunicardi, World J Surg, 2004, 28,
826-833.
10. Suppression of pancreatic tumor progression by systemic delivery of a pancreaticcancer-specific promoter-driven Bik mutant, C. Li, Q. Ding, Y. Li., S. A. Miller, J. L.
Abbruzzese, and M. C. Hung, Cancer Lett, 2005, June 10 [Epub ahead of print],
PMID: 15953675.
11. Inhibition of breast tumor progression by systemic delivery of the maspin gene in a
syngeneic tumor model, H. Y. Shi, R. Liang, N. S. Templeton, and M. Zhang, Mol Ther,
2002, 5, 755-761.
12. Targeting ECM-integrin interaction with liposome-encapsulated small interfering
RNAs inhibits the growth of human prostate cancer in a bone xenograft imaging model,
K. Bisanz, J. Yu, M. Edlund, B. Spohn, M. C. Hung, L. W. Chung, and C. L. Hsieh, Mol
Ther, 2005, July 19 [Epub ahead of print], PMID: 16039164.
13. A self-processing ribozyme cassette: utility against Human Papillomavirus 11
E6/E7 mRNA and Hepatitis B virus, W. H. Pan, P. Xin, J. D. Morrey, and G. A.
Clawson, Molecular Therapy, 2004, 9, 596-606.
14. Non-viral vectors for the treatment of disease, N. S. Templeton, E. Alspaugh, D.
Antelman, J. Barber, K. G. Csaky, B. Fang, P. Frederik, H. Honda, D. Johnson, F. Litvak,
T. Machemer, R. Ramesh, J. Robbins, J. A. Roth, M. Sebastian, R. Tritz, S. F. Wen, and
Z. Wu, Keystone Symposia on Molecular and Cellular Biology o f Gene Therapy, Salt
Lake City, Utah, 1999,
15. Openings between defective endothelial cells explain tumor vessel leakiness, H.
Hashizume, P. Baluk, S. Morikawa, J. W. McLean, G. Thurston, S. Roberge, R. K. Jain,
and D. M. McDonald, Am J Pathol, 2000,156, 1363-1380.
16. Effect of transvascular fluid exchange on pressure-flow relationship in tumors: a
proposed mechanism for tumor blood flow heterogeneity, P. A. Netti, S. Roberge, Y.
Boucher, L. T. Baxter, and R. K. Jain, Microvasc Res, 1996, 52, 27-46.
17. Vascular permeability and microencapsulation of gliomas and mammary
carcinomas transplanted in rat and mouse cranial windows, F. Yuan, H. A. Salehi, Y.
Boucher, U. S. Vasthare, R. F. Tuma, and R. K. Jain, Cancer Res, 1994, 54, 4564-4568.

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

68

18. Genes expressed in human tumor endothelium, B. St. Croix, C. Rago, V.
Velculescu, G. Traverso, K. E. Romans, E. Montgomery, A. Lai, G. J. Riggins, C.
Lengauer, B. Vogelstein, and K. W. Kinzler, Science, 2000, 289, 1197-1202.
19. Vasculogenic mimicry, R. Folberg, and A. J. Maniotis, APMIS, 2004,112, 508525.
20. Remodeling of the microenvironment by aggresive melanoma tumor cells, M. J.
Hendrix, E. A. Seftor, D. A. Kirschmann, V. Quaranta, and R. E. Seftor, Ann N Y Acad
Sci, 2003,995,151-161.
21. Discovering High-Affinity Ligands for Proteins: SAR by NMR, S. B. Shuker, P. J.
Hajduk, R. P. Meadows, and S. W. Fesik, Science, 1996, 274, 1531-1534.
22. Discovery of Potent Nonpeptide Inhibitors of Stromelysin Using SAR by NMR, P.
J. Hajduk, G. Sheppard, D. G. Nettesheim, E. T. Olejniczak, S. B. Shuker, R. P.
Meadows, D. H. Steinman, G. M. Carrera, P. A. Marcotte, J. Severin, K. Walter, H.
Smith, E. Gubbins, R. Simmer, T. F. Holzman, D. W. Morgan, S. K. Davidsen, J. B.
Summers, and S. W. Fesik, J. Am. Chem. Soc., 1997,119, 5818-5827.
23. One-Dimensional Relaxation- and Diffusion-Edited NMR Methods for Screening
Compounds That Bind to Macromolecules, P. J. Hajduk, E. T. Olejniczack, and S. W.
Fesik, J. Am. Chem. Soc., 1997,119, 12257-12261.
24. NMR-Based Discovery of Lead Inhibitors That Block DNA Binding of the Human
Papillomavirus E2 Protein, P. J. Hajduk, J. Dinges, G. F. Miknis, M. Merlock, T.
Middleton, D. J. Kempf, D. A. Egan, K. A. Walter, T. S. Robins, S. B. Shuker, T. F.
Holzman, and S. W. Fesik, J. Med. Chem, 1997, 40, 3144-3150.
25. Structure-Activity Relationships by NMR: A New Procedure for Drug Discovery
by a Combinatorial-Rational Approach, H. Kessler, Angew. Chem. Int. Ed., 1997, 36,
829-831.
26. Stromelysin Inhibitors Designed from Weakly Bound Fragments: Effects of
Linking and Cooperativity, E. T. Olejniczak, P. J. Jahduk, P. A. Marcotte, D. G.
Nettesheim, R. P. Meadows, R. Edalji, T. F. Holzman, and S. W. Fesik, J. Am. Chem.
Soc., 1997,119,5828-5832.
27. Identification of a Small Molecule Inhibitor of the IL-2/IL-2Ra Receptor
Interaction Which Binds to IL-2, J. W. Tilley, L. Chen, D. C. Fry, S. D. Emerson, G. D.

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

69

Powers, D. Biondi, T. Vamell, R. Trilles, R. Guthrie, F. Mennona, G. Kaplan, R. A.
LeMahieu, R. Palermo, and G. Ju, J. Am. Chem. Soc., 1997,119, 7589-7590.
28. The SHAPES strategy: an NMR-based approach for lead generation in drug
discovery, J. Fejzo, C. A. Lepre, J. W. Peng, G. W. Bemis, Ajay, M. A. Murcko, and J.
M. Moore, Chem. Biol., 1999, 5, 755-769.
29. Privileged Molecules for Protein Binding Identified from NMR-Based Screening,
P. J. Hajduk, M. Bures, J. Praestgaard, and S. W. Fesik, J. Med. Chem., 2000, 43, 34433447.
30. SjvAr Cyclizations to Form Cyclic Peptidomimetics of b-Tums, Y. Feng, Z. Wang,
S. Jin, and K. Burgess, J. Am. Chem. Soc., 1998,120, 10768-10769.
31. Solid Phase SwAr Macrocyclizations to Give Turn-extended-turn Peptidomimetics,
Y. Feng, and K. Burgess, Chem. Eur. J., 1999, 5, 3261-3272.
32. Conformations of Peptidomimetics Formed by SNAr Macrocyclizations: 13- to 16Membered Ring Systems, Y. Feng, Z. Wang, S. Jin, and K. Burgess, Chem. Eur. J., 1999,
5, 3273-3278.
33. Stereochemical Implications of Diversity in b-Tum Peptidomimetic Libraries, Y.
Feng, M. Pattarawarapan, Z. Wang, and K. Burgess, J. Org. Chem., 1999, 64, 9175-9177.
34. Facile Macrocyclizations to b-Tum Mimics with Diverse Structural, Physical, and
Conformational Properties, C. Park, and K. Burgess, J. Comb. Chem., 2001, 3, 257-266.
35. A New Solid-Phase Linker for Suzuki Coupling with Concomitant
Macrocyclization: Synthesis of b-Tum Mimics, W. Li, and K. Burgess, Tetrahedron
Lett., 1999, 40, 6527-6530.
36. Preferred Secondary Structures as a Possible Driving Force for Macrocyclization,
S. Reyes, M. Pattarawarapan, S. Roy, and K. Burgess, Tetrahedron, 2000, 56, 9809-9818.
37. Solid-Phase Syntheses of b-Tum Analogues To Mimic or Disrupt Protein-Protein
Interactions, K. Burgess, Acc. Chem. Res., 2001, 34, 826-835.
38. Long-Lasting Rescue of Age-Associated Deficits in Cognition and the CNS
Cholinergic Phenotype by a Partial Agonist Peptidomimetic Ligand of TrkA, M. A.
Bruno, P. B. S. Clarke, A. Seltzer, R. Quirion, K. Burgess, A. C. Cuello, and H. U.
Saragovi, J. Neuroscience, 2004, 24, 8009-8018.

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

70

39. Influence of surface hydrophilicity of liposomes on their interaction with plasma
protein and clearance from the circulation: studies with poly(ethylene glycol)-coated
vesicles, J. Senior, C. Delgado, D. Fisher, C. Tilcock, and G. Gregoriadis, Biochim
Biophys Acta, 1991,1062, 77-82.
40. Antitumor effect of adriamycin entrapped in liposomes conjugated with
monoclonal antibody against tumor-associated antigen of bovine leukemia cells, M.
Onuma, T. Odawara, S. Watarai, Y. Aida, K. Ochiai, B. Syuto, K. Matsumoto, T.
Yasuda, Y. Fujimoto, H. Izawa, and a. et, Jpn J Cancer Res, 1986, 77, 1161-1167.
41. Sterically stabilized liposomes: improvements in pharmacokinetics and antitumor
therapeutic efficacy, D. Papahadjopoulos, T. M. Allen, A. Gabizon, E. Mayhew, K.
Matthay, S. K. Huang, K. Lee, M. C. Woodle, D. D. Lasic, C. Redemann, and F. J.
Martin, Proc Natl Acad Sci USA, 1991, 88, 11460-11464.
42. Prolonged circulation time and enhanced accumulation in malignant exudates of
doxorubicin encapsulated in polyethylene-glycol coated liposomes, A. Gabizon, R.
Catane, B. Uziely, B. Kaufman, T. Safra, R. Cohen, F. Martin, A. Huang, and Y.
Barenholz, Cancer Res, 1994, 54, 987-992.
43. Hand-foot syndrome associated with liposome-encapsulated doxorubicin therapy,
K. B. Gordon, A. Tajuddin, J. Guitart, T. M. Kuzel, L. R. Eramo, and J. VonRoenn,
Cancer, 1995, 75, 2169-2173.
44. Liposomal doxorubicin: antitumor activity and unique toxicities during two
complementary phase I studies, B. Uziely, S. Jeffers, R. Isacson, K. Kutsch, D. WeiTsao, Z. Yehoshua, E. Libson, F. M. Muggia, and A. Gabizon, J Clin Oncol, 1995,13,
1777-1785.
45. Tumor targeting using anti-her2 immunoliposomes, J. W. Park, D. B. Kirpotin, K.
Hong, R. Shalaby, Y. Shao, U. B. Nielsen, J. D. Marks, D. Papahadjopoulos, and C. C.
Benz, J Control Release, 2001, 74, 95-113.
46. Temporal targeting of tumour cells and neovasculature with nanscale delivery
system, S. Sengupta, D. Eavarone, I. Capila, G. Zhao, N. Watson, T. Kiziltepe, and R.
Sasisekharan, Nature, 2005, 436, 568-572.
47. Tumor regression by targeted gene delivery to the neovasculature, J. D. Hood, M.
Bednarski, R. Frausto, S. Guccione, R. A. Reisfeld, R. Xiang, and D. A. Cheresh,
Science, 2002, 296, 2404-2407.

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

71

48. The Atomic Structure of Protein-Protein Recognition Sites, L. L. Conte, C.
Chothia, and J. Janin, J. Mol. Biol., 1999, 285, 2177-2198.
49. Presentation and Detection of Azide Functionality in Bacterial Cell Surface
Proteins, A. J. Link, M. K. S. Vink, and D. A. Tirrell, J. Am. Chem. Soc., 2004, A-E.
50. A New Tri-Orthogonal Strategy for Peptide Cyclization, I. Lundquist, J. T., and J.
C. Pelletier, Org. Lett., 2002, 4, 3219-3221.
51. A convenient synthesis of azido peptides by post-assembly diazo transfer on the
solid phase applicable to large peptides, D. T. S. Rijkers, H. H. R. van Vugt, H. J. J.
Jacobs, and R. M. J. Liskamp, Tetrahedron Lett., 2002, 43, 3657-3660.
52. Peptiodtriazoles on Solid Phase: [l,2,3]-Triazoles by Regiospecific Copper(I)Catalyzed 1,3-Dipolar Cycloadditions of Terminal Alkynes to Azides, C. W. Tomoe, C.
Christensen, and M. Meldal, J. Org. Chem., 2002, 67, 3057-3064.
53. A Click Chemistry Approach to Tetrazoles by Huisgen 1,3-Dipolar Cycloaddition:
Synthesis of 5-Acyltetrazoles from Azides and Acyl Cyanides, Z. P. Demko, and K. B.
Sharpless, Angew. Chem. Int. Ed., 2002, 41, 2113-2116.
54. An Expedient Route to the Tetrazole Analogues of a-Amino Acids, Z. P. Demko,
and K. B. Sharpless, Org. Lett., 2002, 4, 2525-2527.
55. Efficiency and Fidelity in a Click-Chemistry Route to Triazole Dendrimers by the
Copper(I)-Catalyzed Ligation of Azides and Alkynes, P. Wu, A. K. Feldman, A. K.
Nugent, C. J. Hawker, A. Scheel, B. Voit, J. Pyun, J. M. J. Frechet, K. B. Sharpless, and
V. V. Fokin, Angew. Chem. Int. Ed., 2004, 43, 3928-2932.
56. Polytriazoles as Copper(I)-Stabilizing Ligands in Catalysis, T. R. Chan, R. Hilgraf,
K. B. Sharpless, and V. V. Fokin, Org. Lett., 2004, 6, 2853-2855.
57. Click Chemistry: Diverse Chemical Function from a Few Good Reactions, H. C.
Kolb, M. G. Finn, and K. B. Sharpless, Angew. Chem. Int. Ed., 2001, 40, 2004-2021.
58. An Improved Procedure for the Preparation of l-Benzyl-lH-l,2,3-triazoles from
Benzyl Azides, I. F. Cottrell, D. Hands, P. G. Houghton, G. R. Humphrey, and S. H. B.
Wright, J. Heterocyclic Chem., 1991, 28, 301-304.

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

72

59. Heterocyclic Studies. 2 [1]. 5-Chloro-lH-l,2,3-triazole-4-carboxaldehydes,
Preparation and Rearrangement Reactions, P. H. Olesen, F. E. Nielsen, E. B. Pedersen,
and J. Becher, J. Heterocyclic Chem.., 1984, 21, 1603-1608.
60.

Name Reactions in Heterocyclic Chemistry, J. J. Li, Wiley: 2005.

61. Metalation of a-diazocarbonyl compounds using Grignard reagents. A convenient
synthesis of a-diazo-B-ketoesters and mixed esters of a-diazomalonate, E. Cuevas-Yanez,
J. M. Muchowski, and R. Cruz-Almanza, Tetrahedron Lett., 2004, 45, 2417-2419.
62. The Amdt-Eistert Reaction in Peptide Chemistry: A Facile Access to
Homopeptides, J. Podlech, and D. Seebach, Angew. Chem. Int. Ed., 1995, 34,471-472.
63. Asymmetric Synthesis. Construction o f Chiral Molecules Using Amino Acids, G.
M. Coppola, and H. F. Schuster, John Wiley & Sons: New York, 1987.
64. Optimization of gene expression in nonactivated circulating lymphocytes, Y.
Zhang, H. Lu, P. LiWang, U. Sili, and N. S. Templeton, Mol Ther, 2003, 8, 629-636.
65. Enhanced gene expression in breast cancer cells in vitro and tumors in vivo, H. Lu,
Y. Zhang, D. D. Roberts, C. K. Osborne, and N. S. Templeton, Mol Ther, 2002, 6, 783792.
66. Transcriptional regulation and induction of apoptosis: implications for the use of
monomeric p53 variants in gene therapy, C. Merkle, M. Fritsche, M. Mundt, R. Jahne,
and B. Groner, Gene Ther, 1998, 5, 1631-1641.
67. In vitro evaluation of a p53-expressing adenovirus as an anti-cancer drug, M. V.
Blagosklonny, and W. S. el-Deiry, Int J Cancer, 1996, 67, 386-392.

68.
Noninvasive imaging of cationic lipid-mediated delivery of optical and PET
reporter genes in living mice. M. Iyer, M. Berenji, N.S. Templeton, and S.S.Gambhir,
Mol Ther, 2002, 6, 555-562.

69. CpG depleted plasmid DNA vectors with enhanced safety and long-term gene
expression in vivo, N. S. Yew, H. Zhao, M. Przybylska, I.-H. Wu, J. D. Tousignant, R. K.
Scheule, and S. H. Cheng, Mol Ther, 2002, 5, 731-738.

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

73

70.
A New Method of Estimating United States and State-level Cancer Incidence
Counts for the Current Calendar Year, L.W. Pickle, Y. Hao, A. Jemal, Zhaohui Zou,
R.C. Tiwari, E. Ward, M. Hachey, H.L. Howe and E J. Feuer. CA Cancer J Clin, 2007,
57, 30-42.
80.
RGD motifs on the surface of baculovirus enhance transduction of human lung
carcinoma cells, H. Matilainen, A.R. Makela, R. Riikonen, T. Saloniemi, E. Korhonen, T.
Hyypia, J. Heino, R. Grabherr, C.J. Oker-Blom, Biotechnol, 2006 Aug 20;125(1):11426. Epub 2006 Mar 29

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

