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Abstract

Polyamides are a class of synthetic small molecules that recognize DNA in a sequence-
specific fashion through a network of hydrogen bonds formed with bonding partners in
the floor of the minor groove. The binding affinity of polyamides is comparable to that
of numerous DNA-binding proteins, and polyamides have been shown to displace DNA-
binding proteins. As such, they present a powerful opportunity to modulate expression
levels of genes vital to human health. The cellular permeability and biological activity of
polyamides has presented an impediment in moving from in vitro to in vivo work that was
partially removed by the discovery that fluorescein dyes facilitate cell entry. The work
described here details recent advances in modifications to the C-terminal polyamide linker,
linkage and tail groups that improve the endogenous inducible gene regulation activity of

polyamides in cell culture.
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Chapter 1

Introduction



Introduction

The information encoding the regulation and expression of the estimated 20,000-25,000
genes in the human genome and their products is contained in the nucleotide sequence of
DNA"2, Atthe simplestlevel, the information encoded by nucleotide sequences is expressed
through a process of transcription of DNA information to an RNA message, followed by
translation into the final protein product. States of human disease are frequently the result
of gene expression disregulation, and the discovery and development of technologies
capable of granting control over the process of gene expression would have wide-ranging

applications in human health.



Structure of DNA

DNA is comprised of two complimentary polydeoxyribonucleotide strands paired in an
antiparallel fashion through formation of hydrogen-bonding contacts between the nucleotide
bases: adenine pairs with thymine, and guanine with cytosine (figure 1.1).> Although DNA
can adopt a number of conformations, the biologically relevant is B-form DNA, in which
the nucleotide pairing produces a double-helical strand with a wide and shallow major
groove, and a deep, narrow minor groove between the phosphate backbones. To a rough
approximation, the DNA double helix is uniform, but a series of hydrogen-bonding donors
and acceptors located on the edges of nucleotide bases are presented in the major and minor

grooves that function as “handholds” for DNA-binding proteins and natural products.

Major
Groove

Minor
Groove

Figure 1.1. Schematic illustration of B-form DNA. A) Schematic of hydrogen-bond formation between a
TeA basepair and a C*G basepair. Also shown is a schematic representation of the hydrogen-bonding donor
and acceptor pattern presented by the basepair edges into the minor groove. Lone pairs are represented
by two dots in an open circle, and hydrogen bonding donors represented by an “H” in an open circle. B)
Structure of B-form DNA to illustrate the major and minor grooves of B-form DNA.

DNA-Binding Natural Products

Two natural products that bind DNA with some degree of sequence specificity are Hoechst
33258 and distamycin (figure 1.2).*” Courtesy of their crescent shape, both these relatively
simple heterocycle oligomers fit neatly into the minor groove of DNA to form hydrogen

bonds with the nucleotide edges. Distamycin can form either a 1:1 complex or a 2:1
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complex with DNA: the latter is illustrated in figure 1.2B). Distamycin has a preference for

A,T tracts of DNA due to hydrogen-bonding contacts between the amide-bond hydrogen
and minor-groove lone pairs; G*C pairs present an energetically unfavorable steric clash
between the exocyclic amine of guanine and hydrogens on the pyrrole ring. Replacement
of a pyrrole ring with an N-methylimidazole ring, however, enabled G*C recognition via
the Nitrogen lone pair, which forms a hydrogen bond with the guanine exocyclic amine.®

A) B)

Distamycin
Hoechst 33258

Figure 1.2. Schematic illustration of the chemical structure of Hoechst 33258 and Distamycin, and structures
of DNA-Hoechst 33258 and DNA-distamycin complexes.

Polyamide Recognition of DNA

Polyamides are a class of synthetic small molecules that bind DNA in a sequence-specific
manner modeled on Distamycin-DNA recognition through hydrogen-bonding interactions
with hydrogen-bonding donors and acceptors in the floor of the DNA-minor groove.
Polyamides are oligomers of N-methylpyrrole (Py), N-methylimidazole (Im), N-methyl-

3-hydroxypyrrole (Hp), and 3-chlorothiophene (Ct) carboxamides linked through amide
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bonds.”'® DNA binding can occur in a 1:1 or a 2:1 fashion, with polyamide strands

generally aligning N — C with the 5> — 3° DNA strand direction. The sickle shape of
polyamides closely matches the radius of the DNA minor groove, and allows polyamides
to approach the DNA minor groove floor closely enough to engage in these hydrogen-

bonding interactions.

Minor Groove

+

Minor Groove

V-0 -w
W-—0=-H>0 > -u

Figure 1.3. Structure of a 2:1 polyamide-DNA complex, and illustration of hydrogen-bonding interactions
between the polyamide heterocycle core and the minor groove floor.

Polyamide sequence specificity is programmed through side-by-side pairings of
heterocyclic amino acids in the DNA minor groove: Im/Py recognizes G*C over C*G; Py/
Py is degenerate for A*T and T*A; Hp/Py and Hz/Py distinguish T*A for A*T; and Ct/Py
prefers T*A over A*T in the cap position. These pairing guidelines were revealed through
quantitative DNase I footprinting titrations, as well as NMR and crystallographic structural
data. These data have also elucidated the peculiarities of polyamide-DNA interactions
that give rise to the sequence specificity. A network of hydrogen bonding interactions
is created between the polyamide amide bonds and base-pair edges, while hydrogen
bonding between the nitrogen lone pair of Im and the exocyclic amine of guanine forms
the basis for G*C recognition (figure 1.4).!"' Hp/Py recognizes T*A through hydrogen

bond formation between the Hp hydroxyl and the thymine-O2 lone pair along with shape-
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selective recognition of an asymmetric cleft between thymine-O2 and adenine-C2.!7-!* The

proposed recognition of T*A at the amino terminus by Ct/Py projection of the 3-chloro

substituent awaits structural verification.?
+NHs

Py/Im
targets
CG

Py/Hp
targets
AT

Hp/Py
targets
TA

Im/Py
targets
GC

/ H

Figure 1.4. Schematic illustration of the system of hydrogen bonding pattern between the DNA nucleotide
edges and an eight-ring hairpin polyamide that gives rise to DNA recognition by polyamides.

A number of polyamide architectures have been explored, and the most commonly deployed
is the eight-ring hairpin polyamide with a binding site of six basepairs (figures 1.4, 1.5).
Linking two antiparallel heterocycle strands through an aliphatic linker group to create a
“hairpin” polyamide results in substantial gains in DNA-binding affinity (K (M™)).*' This
gain in binding affinity is thought to occur as a result of reduction in the entropic cost
of polyamide-DNA binding. Linking the two strands additionally enforces side-by-side
heterocycle pairing rather than the slipped binding modes available to unlinked heterocycle
strands.?"?> The most commonly employed turn group has been the y-amino butyric acid,

optionally with a chiral amine moiety at the o carbon.”® The presence of this amine moiety
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imbues the turn residue with a strong preference for T*A and A*T pairs over G*C and C*G

pairs.”!
Hairpin Cycle H-pin U-pin
5'-ATGTAC A-3' 5'-AGTAC T-3" 5'"-ATGTTACAT-3" 5'-T GG T C-3"
G +
+ T o D
3'-TACATG T-5' 3'- T CA TG A-5" 3'-TACAATGT A-5'
3'-A C C A G-5"
6 bp 6 bp 7 bp 5b
Ky=2.9+10""M"" Ky=7.010"M"" Ky=4.3+10"M"" P
Ka=4.4+108M""
Tandem motifs
5'"-ATGGCATACCAT-3" 5'"-AAGTGAAGT G A-3' 5'"-AGCAGCTGCT-3"
G +
+ + F F
3'-TACCGTATGGT A-5" 3'-TTCACTTC CATCT-5' 3'-TCGTCGACG A-5"
10 bp 10 bp 10 bp
K,=7510"0M" K,=3.210"9M"1 K,=1.9¢108 M-
o . o o
© = Py O = Ryt or oy
o H

Figure 1.5. Schematic ball-and-stick representations of various polyamide structural motifs. Below each
motif is given the binding site size and binding affinities (K _ (M™")).

The modular nature of polyamides makes their synthesis amenable to solid-phase synthesis
methods on resins including -Ala-PAM and Kaiser oxime resin; use of $-Ala-PAM resin
results in a polyamide product with a C-terminal -alanine moiety that is specific for A*T
basepairs (figure 1.6).>* % Following resin loading with the initial C-terminal, standard
Boc coupling chemistry is used to build the polyamide in the C—N direction. Aminolysis
provides the cleaved polyamide, and judicious selection of the cleaving group allows
further elaboration of the polyamide with all manner of C-terminal tail groups. Solid-phase
synthesis has been successfully exploited to access rapidly a wide range of polyamide
heterocycle cores in the relatively small quantities required for exploratory research,
but can be adapted in a relatively straightforward fashion to produce larger quantities of
polyamide product. Production of large quantities of particular cores is facilitated through
synthesis of heterocycle trimers or tetramers, which can be readily introduced into the
polyamide core on resin. Recently, the first solution-phase synthesis of a polyamide in our

group yielded gram-scale polyamide product.



Polyamide core 1 ©

N
|O§_%NH
N N
BaYa HP\
N
\J A H",‘_g N
N

Solid support: B-Ala-PAM resin Kaiser oxime resin

C-terminus
o}

R= R*HNJ\/\N/' R= RHNT"

H
Figure 1.6. Schematic illustration of solid-phase synthesis of polyamides.

Regulation of Gene Expression with Polyamides:

The sequence-specificity of polyamides presents a potentially powerful tool for modulating
gene expression in pursuit of disease treatment. Two possible mechansims by which gene
regulation could be achieved are illustrated schematically below (figure 1.7). The first
involves direct steric blockade of transcription factor binding in the promoter region of a
gene, and the second mechanism is based on recruiting transcriptional machinery to the

promoter through use of activator domains.

NSem

Rggg-g)\q 1 W’
————Response Element

X gene
1Response Element

Figure 1.7. Schematic of proposed mechanisms of polyamide gene expression regulation through modulating
the DNA-protein interface. A) Inhibition of transcription factor (TF) protein-DNA binding through direct
steric blockade at a TF recognition element (RE). B) Polyamide elaboration with protein recruitment domains
to increase local concentration of targeted DNA-binding proteins.
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The binding affinity of most eight-ring hairpin polyamides is on the order of 10°-10'°M"!,

which makes them competitive with DNA-binding proteins such as transcription factors
and transcriptional activators (figure 1.8).?* By targeting polyamides to protein binding
sites or adjacent sequences, in vitro studies have demonstrated the ability of polyamides to
inhibit DNA binding of proteins through direct steric or allosteric effects.”” Major-groove
binding proteins have been shown to co-occupy DNA sequences with minor-groove binding

polyamides, but they can be displaced by intercalator-polyamide conjugates.?*-*°

TFIlIA (zinc finger 4) TFIIIB or TBP
5'"-CGGGCCTGGTTAGTACTTGGATGGGA G-3' 5'"CCCATCCAAGTACATCGAATTCATSGAC-3"
. 0.03nM +}<>OOOO> 0.03 nM
3-GCCCGGACCAARTCATGAACCTACCCTC-5" 3' - GGGTAGGTTCATGTAGCTTAAGTA ACT G-5"
5S RNA promoter (+63 to +89) Xenopus tRNA Promoter Construct (-39 fo -8)

TFIlIA (zinc finger 4) Deadpan
5'-CGGGC TGGTTAGTACTTGGATGGGA G-3' 5'-GCATCGTAGCTCGTCACGCGACAGG GG C-3"
[ 2 200 000 @ 0.4 nM
2o W :
3'-GccCCcCG ACCAATCATGAACCTACCCTC-5" 3'-CGTAGCA G A G AGTGCGCTGTCCCG-5"
5S RNA promoter (+63 to +89) Achaete-scute Neural Promoter Construct
TBP Ets
S'-TCAGATGCTGCATATAAGCAGCTGC CT T-3' 5'-G G G TGCTTGAGGAAGTATAAGAA-3"'
3'-AGTC TATA ACGA A-5' 3'-ccc TCC TCTT-5"
HIV-1 Promoter HER2/neu Promoter
Ets-1 LEF-1 Tax CREB Tax
5'f/GlA GCTGCATCCG AGTACTACAAAGAC-3" 5'-CTClAGGCGTTGACGACAACCCCT 3!
OOC.O 0.05nM OO0 56 am 1pM+II l L 1 QOO
3'— X TAGGC ATGTTTCT G-5" 3'-G A AACTGCTGTngA 5'
HIV-1 Promoter HTLV-1 Promoter
TFIA-TFIID TBP DNA gyrase
5 AGCTCGTCCTCAGATGCTGCATATA A3 S'-6GAGGCTGGATGGCCTTCCCCATT A-5'
3'2GGA+GGAG‘L‘C‘L‘ACGACGTATATT*T 3'-CTCCGACCTACCGGAAGGGGTAAT-3'
HIV-1 Promoter Construct designed construct from pBR322
LSF LSF GCN4
5'-T TGGTTAGACCAGATCTGAGTC CCT-3' 5''"CCATGGTTGCTGACTAATTGTTAT-3'
[ 4 20,0
Io”nDO'”M nam O o ee) 2 1, 335D
3'-A |G| A EETCTGGTCTAGAECTCGGA-5"' 3'6GGTACCAACGACTGATTRBWACAATA-S'
. R
HIV-1 LTR (+8 to +32) designed construct ARE-1

Figure 1.8: Schematic illustration in the ball-and-stick fashion of inhibition of protein binding by polyamides.
Indicated by light-blue boxes are the protein binding sites to show overlap between polyamide and protein
binding sites. Also given are polyamide dissociation constants (K _(M™")).

A further point of comparison between polyamides and DNA-binding proteins is their
relatively limited recognition sequences. Given the size of the genome, it is clear that a
much longer sequence than the six bases recognized by an eight-ring hairpin polyamide

would be required to target a unique DNA binding site. The limited size of polyamide
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binding sites may result in promiscuous polyamide binding thruought the genome and

numerous “off-target” effects. This concern is mitigated by consideration of known DNA-
protein interactions. Protein-DNA recognition, e.g. transcription factor-DNA recognition,
is the result of a combination of electrostatic interactions with the polyanionic-DNA
backbone and Van der Waals forces acting between the protein and the major or minor
groove floors.?'¢ In the cellular context, the DNA double helix is not suspended in the
nucleus in isolation, but is constantly interacting with proteins and other molecules in the
nuclear millieu. These protein binding sites are generally no more than four basepairs, the

same size as eight-ring hairpin polyamide binding sites.?’

c-Jun
<C
o
160 A v
o~ < >
S o ~
P ATF-2 IRF-3A IRF-3C N~ p50 0
5'-T AARA GAAAACTIGAAAGGIGAGAAGTIGAARA|GTGGGARAA|TTCCTCTG-3'
3'-T T T CHTTTGACTTTICCICTCTTCACTTTCAICCCTTTAAGGAGACA-S5
c-Jun RelA

Figure 1.9. Structure of the interferon-b enhanceosome complex to demonstrate the relatively limited size
of protein DNA binding sites, and protein-induced perturbations in the DNA double helix. Figure based on
Figure 4 in Reference 37, and generated in PyMOL using a composite binding model obtained from the pdb
file in the Supplemental Information.

Nuclear Localization of Polyamides:
A central aim is the use of polyamides in biological systems and whole organisms to

regulate endogenous genes that are critical mediators of health and disease. To realize this



11
goal, polyamides must be able to enter the cell and accumulate in the nucleus in sufficient

quantities to bind to the appropriate DNA sequence and disrupt the protein-DNA interface.
The mechanism by which polyamides enter the cell and translocate to the nucleus is not
well understood. Previous work in the Dervan group has shown that polyamide cell uptake
is an energy-dependent process, as it is impeded by lowered temperatures and in glucose-
lacking cell culture media®. Further, internal data have demonstrated that the biological
activity of polyamides is enhanced in some cases by co-administration of verapamil, which

inhibits function of drug-efflux pathways.*
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Figure 1.10. Cellular localization of 22 polyamide-fluorophore conjugates in a panel of 13 cultured cell lines.
The extent of polyamide nuclear localization is indicated by a +/- nomenclature: ++, nuclear staining exceeds
that of the medium: +, nuclear staining comparable to the medium, but still clear: -, very little nuclear staining
predominantly cytoplasmic and medium staining; --, no nuclear staining, little cytoplasmic staining.
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Extensive attention has been devoted to determining the structural features of polyamides

that play a role in nuclear accumulation. Initial investigations were inspired by the work of
Bashkin et al. demonstrating that a C-terminal fluorescein (FITC) dye enabled demonstrable
nuclear localization visualized by confocal microscopy of live, unfixed cells.** Following
this seminal piece, confocal microscopy techniques were used to examine the nuclear and
subcellular localization of polyamides as a function of fluorophore identity, polyamide
heterocycle core sequence and composition, and polyamide structure.’® 4% 4 These
investigations revealed that a number of factors influence polyamide cell entry, but did not
lead to a set of predictive structural requirements for polyamide nuclear accumulation.
Polyamides in Biological Systems:

Although polyamides had successfully inhibited protein-DNA binding and polyamide—
small molecule activator domain conjugates had recruited proteins to DNA in vitro, gene
regulation by polyamides in vivo was less established.***® The most notable example of
polyamide gene regulation in cell culture was disruption of HIV-1 replication in human T cells
subsequent to dosing with two polyamides targeted to sites adjacent to three transcription-
factor binding sites.*” A critical outgrowth of the extensive confocal microscopy studies
of polyamide cell entry and subcellular localization patterns was the revelation that a wide
range of heterocycle core-dye combinations are able to cross into the cell.

In collaboration with the group of Dr. Kaelin, a polyamide was designed to bind
to the hypoxia-response element in the promoter region of the vascular endothelial growth
factor (VEGF) gene.®® VEGF is among a host of genes regulated by the hypoxia-inducible
factor/Aryl-hydrocarbon-receptor nuclear translocator (HIF-1a/ARNT (or HIF-1p))
transcription factor heterodimer.”! Under normal oxygen tension, the a-subunit of HIF-
la is hydroxylated at two proline residues for subsequent ubiquitination and degradation;
under hypoxic conditions, the hydroxylation event does not occur, and instead the HIF-
1o/ARNT heterodimer forms and binds to the hypoxia response element (HRE).>? HIF-

1a/ARNT is a master regulator of genes involved in physiological processes including
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angiogenesis, glycolysis, cell survival, drug resistance and matrix remodeling.™*>7 As

hypoxic conditions are frequently experienced by rapidly growing tissues, such as cancers,
HIF-regulated genes and VEGF in particular are of great interest to the medical community
for their involvement in cancer progression and survival.’* 3

HeLa cells were dosed with the FITC-conjugate of a polyamide designed to bind
to the HRE of VEGF (5’-TACGTG-3") and found by confocal microscopy to localize
to the nucleus. VEGF mRNA levels in cells dosed with this FITC-polyamide conjugate
and later treated with desferoxamine (DFO) to induce hypoxia-regulated gene expression
were lower than VEGF mRNA levels, indicating that this FITC-polyamide conjugate
was not only localizing in the nucleus, but was able to regulate gene expression levels
of a medically relevant endogenous inducible gene. This initial work has since been
validated by polyamide-regulated expression of prostate specific antigen (PSA) upon

dihydrotestosterone (DHT) induction in LNCaP (prostate cancer) cells.®
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Summary:

Although it has been shown that a wide array of polyamide core-dye conjugates are able to
localize to the nucleus of arange of cells, the widespread use of dye conjugates is problematic
due to the high cost and instability of fluorescent dyes. The thrust of the work presented in
this thesis deals with efforts to identify structural modifications to polyamides that facilitate
their biological activity, are chemically stable, and do not interfere with binding affinities
and specificities. As one of the aims of this work was to avoid pricey fluorescent dyes, such
as FITC, detecting cell uptake and nuclear localization by confocal microscopy was not
an option. The recently published result demonstrating VEGF mRNA regulation in HeLa

cells was instead adopted as a biological readout of polyamide biological activity.
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Figure 1.11. Schematic illustration of the hydrogen-bonding pattern mediating DNA recognition by a
polyamide. The focus of work to identify structural modifications to improve polyamide biological activity
discussed in this thesis, namely the C-Terminus linker, C-terminus linkage and C-terminus tail, are labeled.

Linkage

Structural modifications to polyamides to effect cell uptake can be made at the C-terminal
tail, off the amine of chiral turns, or potentially on heterocycles modified with an internal
linker group. As illustrated in figure 1.11, modifications to the C-terminal portion of

polyamides can be introduced at a number of positions, including the C-terminal tail
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group, the C-terminal linker, or the linkage between tail and linker. Chapter 2 describes

initial successes in finding a suitable FITC-replacement, while Chapter 3 deals with
further applications of one of these novel tail groups, isophthalic acid (IPA). In addition,
microarray data are presented that show that polyamides affect a fairly modest number
of genes. Chapter 4 describes the effects of modifications made to the linker and linkage
group, as well as attempts to discover the structural basis for the observed cellular uptake
of FITC- and IPA-polyamide conjugates through synthesis of a focused library of tail

derivatives.
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Chapter 2

Improved Nuclear Localization of DNA-Binding Polyamides

Reproduced with permission from (N.G. Nickols, C.S. Jacobs, M.E. Farkas, & P.B. Dervan,
(2007) Nucleic Acids Research 35, 363-370.). Copyright Oxford Journals, 2007.
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2.1 Abstract

Regulation of endogenous genes by DNA-binding polyamides requires effective nuclear
localization. Previous work employing confocal microscopy to study uptake of fluorophore-
labeled polyamides has demonstrated the difficulty of predicting a priori the nuclear uptake
of a given polyamide. The data suggest that dye identity influences uptake sufficiently
such that a dye conjugate cannot be used as a proxy for unlabeled analogues. Polyamides
capable of nuclear localization unaided by fluorescent dyes are desirable due to size and
other limitations of fluorophores. Recently, a polyamide-fluorescein conjugate targeted to
the hypoxia response element (HRE) was found to inhibit VEGF expression in cultured
HeLa cells. The current study uses inhibition of VEGF expression as a biological readout
for effective nuclear localization of HRE-targeted polyamides. We synthesized a focused
library of nonfluorescent, HRE-targeted polyamides in which the carboxy-terminus “tail”
has been systematically varied. Members of this library bind the HRE with affinities
comparable or superior to that of the fluorescein-labeled analogue. While most library
members demonstrate modest or no biological activity, two nonfluorescent polyamides
are reported with activity rivaling that of the previously reported fluorescein-labeled
polyamide. We also show evidence that promoter occupancy by HIF-1, the transcription

factor that binds the HRE, is inhibited by HRE-targeted polyamides.
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2.2 Introduction

Polyamides containing N-methylimidazole (Im) and N-methylpyrrole (Py) comprise
a class of programmable DNA-binding ligands capable of binding to a broad repertoire
of DNA sequences with affinities and specificities comparable to those of natural DNA-
binding proteins (1, 2). Sequence specificity is programmed by side-by-side pairings of the
heterocyclic amino acids in the minor groove of DNA: Im/Py distinguishes G*C from C-G;
Py/Py binds both AT and T¢A; and 3-chlorothiophene/N-methylpyrrole (Ct/Py) prefers
TeA over AT at the amino terminus position (3—5). The use of polyamides to modulate
the expression of selected genes through interaction with transcriptional machinery could
have applications in biology and human medicine (1, 2). Regulation of endogenous genes
by DNA-binding small molecules requires cellular uptake and nuclear localization (6—
9), chromatin accessibility (10, 11), and site-specific interactions with gene promoters
sufficient to interfere with specific transcription factor-DNA interfaces (12—15).

The use of confocal microscopy to visualize subcellular localization of fluorophore-
labeled molecules is a convenient method to study uptake and trafficking of polyamides
in living cells (6-9). Nuclear localization of more than one hundred hairpin polyamide-
fluorophore conjugates in several human cell lines has been examined using this method
(8,9). Py/Im content, number and location of positive and negative charges, presence of a
[-alanine residue at the carboxy terminus, choice of fluorophore, linker composition, and
attachmentpointhave been shown to influence nuclear localization of polyamide-fluorophore
conjugates (8, 9). Although a significant number of eight-ring hairpin polyamides with
fluorescein at the C-terminus were shown to have good nuclear uptake in ten cell lines, this
complexity makes it difficult to predict a priori the subcellular distribution of a particular
polyamide-fluorophore conjugate. Efficient nuclear localization of a fluorophore conjugate
is not necessarily predictive for non-fluorescent analogues. Screening polyamides for a
biological effect dependent on nuclear localization is a viable approach for assessment of

nuclear uptake and does not require incorporation of an optical tag. As polyamides are



26
studied in model systems of greater biological complexity, molecules that can access the

nuclei of cells without the use of fluorescent dyes are desirable.

Figure 2.1. Structures of polyamide-fluorescein conjugates 1-3. Polyamides 1 and 3 target the sequence
5’-WTWCGW-3" , while polyamide 2 targets the sequence 5’-WGGWCW-3’. Polyamide 3 differs from 1
and 2 in the linker region between the polyamide core sequence and the fluorescein moiety. Open circles
designate N-methylpyrrole, closed circles designate N-methylimidazole, squares designate 3-chlorothiophene,
and diamonds designate 3-alanine.

Polyamide-fluorescein conjugate 1 (Figure 2.1) was designed to bind the sequence
5’-ATACGT-3’ within the hypoxia response element (HRE) in the vascular endothelial
growth factor (VEGF) enhancer. It was found to bind its target site with an affinity of
6.3 x 10° M, disrupt hypoxia-inducible factor 1 (HIF-1) binding to the HRE in vitro,
enter the nuclei of HeLa cells, and inhibit hypoxia-induced VEGF mRNA and protein
production in cultured HeLa cells (Figure 2.2) (16). A control polyamide 2 designed to bind
the DNA sequence 5’-WGGWCW-3’ (where W denotes an A or T) also exhibited nuclear
localization, but had a modest effect on VEGF expression. Independently, the DNA binding
antibiotic echinomycin, which binds 5’-ACGT-3’, was found to inhibit VEGF expression
in U251 cells (17, 18). The finding that two molecules of different structure bind the same
HRE sequence 5’-TACGT-3’ and exhibit similar biological effects on hypoxia-driven gene
expression validates the concept of using small molecules to interfere with protein-DNA

interfaces.
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The current study utilizes the inhibition of hypoxia-induced VEGF expression as a

biological readout for nuclear localization of polyamides targeted to the HRE. As a control,
we show that a polyamide-fluorescein conjugate 3 that targets the HRE but exhibits poor
nuclear localization in HeLa cells due to a non-optimal linker (8) has a limited effect on
hypoxia-induced VEGF expression. We have synthesized a focused library of polyamides
with an identical core sequence that targets the HRE while varying carboxy terminus (tail)
moieties. The carboxy terminus was chosen as the site of chemical variation in our library,
as subtle modifications to this area were previously found to influence nuclear localization
of polyamide-fluorophore conjugates (8, 9). The polyamides generated in this study retain
high binding affinity and specificity to the target site. Synthesized as a control group was
a library of “mismatch” polyamides with identical carboxy terminus modifications but a
different core targeted to the DNA sequence 5’-WGGWCW-3", which is not found at the
VEGF HRE. The majority of polyamides from both libraries failed to inhibit hypoxia
induced VEGF expression. We identified, however, two non-fluorescent polyamides with
biological activity and binding affinities and specificities comparable to those of polyamide-

fluorescein conjugate 1.

2.3 Materials and Methods

Synthesis of Polyamides

Polyamides were synthesized by solid phase methods on Kaiser oxime resin (Nova Biochem)
except polyamide 3, which was synthesized on Boc-B-alanine-PAM-resin (Peptides
International) (19, 20). Fluorescein labeled polyamides 1-3 were prepared as previously
described (16). Polyamides 4-8 and 16-20 were cleaved from resin using the appropriate
amine and purified by reverse-phase HPLC. For the synthesis of 9-15 and 21-27, the
polyamide was first cleaved with 3,3’-diamino-N-methyl-dipropylamine and purified by
reverse-phase HPLC. The designated acid was activated with PyBOP (Nova Biochem)

and coupled to the polyamide in dimethylformamide and N,N-diisopropylethylamine to
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yield the final product after reverse-phase HPLC purification. The purity and identity of

all polyamides were verified by analytical HPLC and MALDI-TOF MS.

Confocal Microscopy

Microscopy of live, unfixed cells was performed as previously described (8, 9). Briefly,
cells were plated on glass-bottom culture dishes for 24 hours prior to overnight incubation
with 2 uM polyamide. Imaging was performed on a Zeiss LSM 5 Pascal inverted laser
scanning microscope.

Determination of DNA-Binding Affinities and Sequence Specificities

Quantitative DNase I footprint titration experiments were used to determine polyamide
binding affinities (K) to the 5’-ATACGT-3" sequence within the HRE of the VEGF
promoter. These experiments were performed using the 5’ 3?P-labeled 197 basepair
PCR amplification product of the plasmid pGL2-VEGF-Luc isolated by nondenaturing
gel electrophoresis (16, 21). Quantitative DNase I footprint titration experiments were
conducted as previously reported (21).

Measurement of Hypoxia—Induced Relative VEGF mRNA

Cells were plated in 24-well plates at a density of 15-20 x 10° cells per well (30—40 x
10° cells/mL). Polyamides were added to adhered cells in solutions of cell media at the
appropriate concentration and allowed to incubate with the cells for 48 hours. Then,
hypoxic induction of gene expression was chemically induced by adding deferoxamine
(DFO) to 300 uM for an additional 16 hours (22, 23). Cells were harvested, RNA isolated,
cDNA synthesized, and quantitative real-time RT-PCR conducted as previously described
(16). Briefly, RNA was isolated using the RNeasy kit (Qiagen), cDNA synthesized using
Powerscript (BD Biosciences), and quantitative real-time RT-PCR performed using SYBR
Green PCR Master Mix (Applied Biosystems) on an ABI 7300 instrument. VEGF expression
was measured relative to f-glucuronidase (GUSB) as an endogenous control. Statistical
analyses of results were determined using three independent biological replicates. The

primer sequences used for VEGF and GUSB are available upon request. HeLa cells were
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purchased from ATCC, and U251 cells were received as a generous gift from Dr. Giovanni

Melillo of the National Cancer Institute.

Chromatin Immunoprecipitation

Cells were plated on 15 cm diameter culture dishes and left to attach overnight. Polyamides
were incubated with the cells for 48 hours, and the cells were incubated for an additional
16 hours after addition of DFO to a final concentration of 300 uM. Cells were then treated
with 1% formaldehyde for ten minutes. Chromatin was isolated and sheared. HIF-la
antibodies (Novus Biologicals) were used to immunoprecipitate HIF-1 bound DNA
fragments. After crosslink reversal, PCR reactions using primers flanking the HRE of VEGF
were used to assess enrichment of bound fragments as compared to mock-precipitated (no
antibody) controls. PCR reactions were monitored either using SYBR Green PCR Master
Mix (Applied Biosystems) on an ABI 7300 instrument, or directly visualized using gel

electrophoresis.

2.4 Results

Confocal Microscopy of Polyamide-Fluorophore Conjugates 1-3

Cellular uptake of polyamide-fluorescein conjugates 1-3 (Figure 2.1) was examined by
confocal microscopy in live, unfixed HeLa cells (Figure 2.2B). These data demonstrate that
polyamide-FITC conjugates 1 and 2, targeted to 5’-WTWCGW-3’ and 5’-WGGWCW-3",
respectively, both localize in the nucleus of HeLa cells. In contrast, polyamide conjugate
3, also targeted to 5’-WTWCGW-3’ but with a -alanine residue at the carboxy terminus,
is largely extracellular.

Suppression of Hypoxia-Inducible Transcription in Cell Culture by Polyamide-
Fluorophore Conjugates 1-3

Induction of VEGF mRNA by the hypoxia mimetic deferoxamine (DFO) in the presence
of polyamides 1-3 in HeLa cells was measured by quantitative real-time RT-PCR (Figure

2.2C). Polyamide 1 inhibits expression of DFO-induced VEGF mRNA production by
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approximately 50%. Polyamides 2 and 3 show diminished biological activity compared to

1. Together, the uptake and gene expression data for 1-3 suggest that a polyamide targeted
to the HRE of VEGF must have efficient nuclear uptake in order to inhibit hypoxia—induced
expression of VEGF. Chromatin immunoprecipitation experiments in cultured HeLa cells
were performed to assess whether changes in VEGF promoter occupancy by HIF-1a were
consistent with displacement of protein by polyamide 1. Chromatin immunoprecipitation
assays with anti-HIF 1 a or mock antibody treatment are consistent with inhibition of HIF-1
binding to the HRE in the presence of polyamide 1, and polyamide 2 to a modest degree
(Figure 2.2D). In the absence of either polyamide 1 or 2, HIF-1 occupies the VEGF HRE
following DFO-induction. HIF-1 occupancy at the VEGF HRE is reduced in cells treated

with 1 prior to DFO-induction. Polyamide 2 has a more limited effect.
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Figure 2.2. (A) Schematic illustration of polyamide 1 binding to the vegf HRE. (B) Uptake of polyamides
1-3 in HeLa cells. Polyamides 1 (left) and 2 (center) localize in the nucleus while polyamide 3 (right)
localizes in the nucleus to a limited extent but is largely extracellular. (C) Induction of VEGF mRNA by
the hypoxia mimetic deferoxamine (DFO) in the presence of polyamides 1-3 measured by quantitative real-
time PCR. Polyamide 1 inhibits expression of DFO-induced VEGF expression. Polyamides 2 and 3 have a
more modest effect. (D) Chromatin immunoprecipitation assays using HeLa cells with anti-HIF1a or mock
antibody treatment are not inconsistent with inhibition of HIF-1 binding to the vegf HRE in the presence of
polyamide 1, and, to a more modest degree, 2. Concentrations of polyamides are 1 uM.
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Non-fluorescent HRE-Targeted Polyamides

We set out to synthesize a series of non-fluorescent HRE-targeted polyamides (4—15) and
their mismatch analogues (16-27; Figure 2.3). Polyamides 4-15 can be considered in
three groups: 4-8 were designed with minimized tail motifs; 9-12 were designed to probe
the functional groups present in fluorescein dyes potentially responsible for the favorable

nuclear uptake profile of 1; and 13—15 were biotin conjugates.
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Figure 2.3. Structures of polyamides 4-27. Polyamides 4-15 target 5’-WTWCGW-3’ DNA sequences; 16—
27 target 5’>-WGGWCW-3".

Polyamides 4 and 5 were designed to have tail moieties resembling the linker region of
polyamide-fluorescein conjugate 1. The dimethylaminopropylamine tail present in § is
often placed at the carboxy terminus of polyamides used in biophysical studies (1, 2, 24).
Polyamide 6 was designed to have a tail group of minimal size. Polyamides 7 and 8 have
2-morpholinoethanamine and 3-morpholinopropan-1-amine tail groups, respectively. A
four-ring polyamide with a morpholino tail was previously shown to have antibacterial
activity in a mouse peritonitis model (25). The next group, polyamides 9-12, were designed
to reduce molecular weight while retaining functional groups present in fluorescein and
maintaining the linker moiety found in polyamide 1. Polyamides 9-12 are derived from

benzoic acid; 11 and 12 each contain a carboxylic acid meta- to the attachment site, and
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10 and 12 each have a hydroxyl group mefta- to the attachment site. Polyamides 13—15 are

polyamide-biotin conjugates. The high affinity of the biotin moiety to streptavidin may
be useful for biochemical pull-down experiments. Polyamide 13 retains the linker found
in 1-3 while 14 and 15 contain 2- and 3-oxygen PEG linkers, respectively. Polyamides

1627 were synthesized as mismatch control polyamides for 4-15, respectively.

Binding Affinities and Specificities

Polyamides 4-15, designed to bind the 5’-ATACGT-3" HRE binding site, share the same
hairpin polyamide core as polyamides 1 and 3 but have different carboxy terminus tail
groups. The DNA binding affinities of 4-15 for the HRE of VEGF were measured by
quantitative DNase I footprint titrations using a 5’ 3*P-labeled PCR amplification product
of the plasmid pGL2-VEGF-Luc, which contains the VEGF HRE. Polyamide conjugate 1
was previously found to have K = 6.3 x 10° M at this site (16). Polyamides 4-15 were
footprinted (Figure 2.4, Figure 2.5), and the K _values obtained range from 4.4 (+ 1.7) x 10°
for 15 to 7.7 (£ 0.9) x 10" for 4 (Table 2.1). With the exception of 15, the values obtained
are all higher than that measured for 1. Polyamides 415 retain good specificity for the
5’-ATACGT-3" HRE binding site, although a modest degree of non-specific binding is
observed at high concentrations for polyamides 4, S, 7, 8 and 10. Modifications to the tail
moiety did not significantly abrogate high binding affinity and specificity.

Table 2.1: Equilibrium Association Constants: K , (M ™)

Polyamide 5-TACGTG-3’
4 7.7 (x0.9)x 10"
5 6.2 (£1.2)x 10"
6 2.5 (+0.3)x 10"
7 40 (£0.9)x 10"
8 3.8 (£0.5)x 10
9 1.5 (£0.6)x 101
10 2.1 (£0.4)x 10
1 2.6 (£0.4)x 101
12 1.1 (£0.2)x 10"
13 7.2 (£1.1)x 10°
14 48 (£1.9)x10°
15 4.4 (£1.7)x10°
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A pGL2-VEGF-Luc 197 bp

| HRE | =

5'-AGACTCCACAGTGCA| TACGTG |GGCTCCAACAGGTCC-3"'
3'-TCTGAGGTGTCACGT |ATGCAC|CCGAGGTTGTCCAGG-5"
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Figure 2.4. Plasmid sequence and DNA binding properties of polyamides 11 and 12. (A) Illustration of
plasmid pGL2-VEGF-Luc. The HRE match binding site M is indicated by the box. (B-C) Quantitative
DNase I footprint titration experiments for polyamides 11 (B) and 12 (C) on the 197 bp, 5’-end-labeled PCR
product of plasmid pGL2-VEGF-Luc: lanes 1-11, 100 nM, 30 nM, 10 nM, 3 nM, 1 nM, 300 pM, 100 pM,
30 pM, 10 pM, 3 pM, 1 pM polyamide, respectively; lane 12, DNase I standard; lane 13, intact DNA;
lane 14, A reaction; lane 15, G reaction. Each footprinting gel is accompanied by a binding isotherm for
polyamides binding the match site M (below).
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Figure 2.5. Quantitative DNase I footprint titration experiments to determine DNA binding properties and
affinities of 4-10 and 13—15. These experiments were performed on the 197 bp, 5’-end-labeled PCR product
of pGL2-VEGF-Luc plasmid, as above. The HRE match binding site M is indicated for each gel. Lanes as
follows: lanes 1-11, 100 nM, 30 nM, 10 nM, 3 nM, 1 nM, 300 pM, 100 pM, 30 pM, 10 pM, 3 pM, 1 pM
polyamide, respectively; lane 12, DNase I standard; lane 13, intact DNA; lane 14, A reaction; lane 15, G
reaction. Each footprinting gel is accompanied by a binding isotherm for polyamides binding the match site
M (below).
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Screening for Suppression of Hypoxia-Inducible Transcription by 4-27 in HeLa cells

Induction of VEGF mRNA by the hypoxia mimetic DFO in HeLa cells in the presence of
polyamides 4-15 was measured by quantitative real-time RT-PCR and compared to that
of polyamide 1 (Figure 2.6). Polyamides 5, 6, and 8 showed modest inhibition of induced
VEGF expression and polyamides 4 and 7 showed no difference relative to the untreated,
induced control. Mismatch polyamides 16-19 showed no difference in VEGF mRNA

relative to the untreated, induced control. Polyamide 20 showed a modest effect.
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Figure 2.6. Induction of VEGF mRNA in cultured HeLa cells by the hypoxia mimetic deferoxamine (DFO)
in the presence of polyamides. A) Induction of VEGF mRNA by DFO in the presence of polyamides 1 and
4-15 measured by quantitative real-time PCR. Concentrations of polyamides are 1 uM. B) Induction of
VEGF mRNA by the hypoxia mimetic deferoxamine (DFO) in the presence of polyamides 11, 12, 23, and
24 measured by quantitative real-time PCR. Polyamides 11 and 12, which bind the 5’-ATACGT-3’ sequence
found in the VEGF HRE, show inhibition of DFO-induced VEGF expression. Polyamides 23 and 24, which
target 5’-WGGWCW-3’, have a more modest effect. Concentrations of polyamides are 0.2 and 1 uM.
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Polyamides 9 and 10 had a modest effect on induced VEGF expression, whereas 11 and 12

inhibited induced VEGF expression comparably to polyamide 1. Control polyamides 23
and 24 had a reduced effect as compared to their match congeners 11 and 12 (Figure 2.7A).
HeLa cell growth was not inhibited by 1 uM 11, 12, 23 or 24 (Figure 2.7B). Polyamides
13-15 had a modest effect on induced VEGF expression. An appreciable difference in
relative VEGF mRNA levels was seen in cells treated with biotin conjugates 13, 14 and
mismatch congeners 25, 26 (Figure 2.7C). It is noted that cells treated with polyamides 25

and 26 had VEGF expression slightly higher than that of the untreated, induced control.
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Figure 2.7. (A) Induction of VEGF mRNA by hypoxia mimetic deferoxamine (DFO) in the presence of
polyamides 11, 12, 23 and 24 ( and 1 mM) measured by quantitative real-time PCR. (B) Induction of
VEGF mRNA by DFO in the presence of 1 uM 13—-15 and 25-27. (C) HeLa cell growth in the presence of
polyamides 11, 12, 23, and 24 at 1 uM as a function of time. Cells were counted at 24 hour intervals using
a hemacytometer.
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Suppression of Hypoxia-Inducible Transcription by Polyamides in U251 Cells

The effects of HRE targeted polyamides 1 and 11 and control polyamides 2 and 23 were
tested in U251 cells, which express a higher level of VEGF than HeLa cells. Uptake of
optically tagged polyamides 1 and 2 was examined by confocal microscopy in live, unfixed

U251 cells dosed with 2 uM of 1 or 2 (Figure 2.8).

1 2
Figure 2.8. Uptake of polyamides 1 (left) and 2 (right) in U251 cells.

Induction of VEGF mRNA in the presence of polyamides 1 and 11 was inhibited dose
dependently (Figure 2.9A). Polyamide 2 at had minimal effect on VEGF expression at 0.2
uM. However, at 1 uM, polyamide 2 had a moderate effect, though still less than that of
its match congener 1. Polyamide 23 had a more modest effect than its match congener 11
at both 0.2 and 1 uM. We also undertook chromatin immunoprecipitation experiments in
U251 cells to assess changes in VEGF promoter occupancy by HIF-1a in the presence of
1,2, 11, and 23 (Figure 2.9B). Chromatin immunoprecipitation assays with anti-HIF 1a or
mock antibody treatment are consistent with decreased occupancy of HIF-1a at the VEGF
HRE in the presence of polyamides 1 and 11 at 1 uM. Polyamide 23 has a more modest
effect compared to that of its match congener 11. At the concentration tested (1 uM),
polyamide 2 has an effect statistically similar, though slightly less, than that of 1. This
is not unexpected; 2 also showed some inhibition of VEGF mRNA at this concentration.
PCR amplification at an irrelevant locus in the coding region of GUSB showed minimal
enrichment (~1-1.5-fold over background) for polyamide treated and control samples (data

not shown).
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Figure 2.9. (A) Induction of VEGF mRNA by the hypoxia mimetic deferoxamine (DFO) in the presence
of polyamides 1, 2, 11, and 23 in U251 cells measured by quantitative real-time PCR. Concentrations
of polyamides are 0.2 and 1 uM. (B) Chromatin immunoprecipitation assays with anti-HIFlo or mock
antibody treatment expressed as fold-enrichment (specific/mock) of a 120 base pair sequence at the vegf HRE
measured by real-time PCR. Concentrations of polyamides are 1 uM.

2.5 Discussion
Previous studies on fluorophore-labeled polyamides have revealed several parameters that
affect cellular trafficking of these molecules, including number of heterocyclic ring pairs,
relative Py/Im content and sequence, and choice of fluorophore and attachment site (8, 9).
Among fluorophores considered, the protonation state of fluorescein is pH sensitive, while
those of tetramethylrhodamine and Bodipy are not. In previous work, nuclear localization
of polyamide 2 in HeLa cells was ablated when the cells were grown in glucose- and sodium
pyruvate-free media, but subsequently restored when normal growth media was added
(8). This suggests that for some polyamides, nuclear localization is energy dependent.
Many fluorophore-polyamide conjugates that exhibit a punctate, cytoplasmic staining
pattern co-localize with LysoTracker, a lysosomal stain. Verapamil, a calcium channel
and P-glycoprotein efflux pump inhibitor, was shown to facilitate nuclear uptake of a
Bodipy-polyamide conjugate otherwise sequestered within cytoplasmic vesicles (7). Some
polyamides with minimal nuclear localization, e.g. 3, localize mostly in the extracellular
space. Nevertheless, the fact that many eight-ring hairpin polyamide-fluorophore conjugates
do localize in the nuclei of live cells is encouraging.

The inhibition of induced VEGF expression in the presence of polyamide 1,

which binds the VEGF HRE, is an important proof-of-principle experiment for the use
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of designed DNA-binding ligands to modulate the expression of specific sets of genes.

Moving ahead, anticipated experiments include studies in mammalian model systems to
account for biodistribution, availability, and metabolism of polyamides. Towards this end,
we have attempted to identify polyamides capable of nuclear localization but of simpler
structures and lower molecular weights than dye conjugates. The inhibition of induced
VEGEF expression with HRE-targeted polyamide 1, but not 2, which targets a different
DNA sequence or 3, which exhibits considerably less nuclear localization, demonstrates
the viability of VEGF inhibition as a proxy for nuclear localization of polyamides that bind
the HRE.

The ability to interrogate polyamide cellular uptake and nuclear localization by
affecting expression of an endogenous inducible gene enables exploration of the nuclear
uptake profiles of non-fluorescent tail moieties. The quantitative real-time RT-PCR data
presented show that removal of the fluorescein dye (polyamide 4) and step-wise ablation of
the linker moiety (polyamides 5 and 6) diminish the biological activity of these compounds
as compared to polyamide 1 in this system. The K values measured for 4-6 are between
four— and 12—fold higher than that measured for the parent polyamide 1 on the same DNA
sequence. Similarly, the binding affinities of N-alkylaminemorpholino tail polyamides 7
and 8 are ~six-fold higher than that of the parent polyamide 1 for the same binding site, but
only modest biological activities are observed.

Data generated from cultured HeLa cells treated with polyamides 9-12 were more
encouraging. These compounds were designed to probe contributions of the alcohol
and carboxylic acid groups of fluorescein to the cellular uptake and nuclear localization
observed for 1. This was done by synthesizing a focused series of polyamides comprised of
an amide-bond linked benzene ring containing four possible permutations of alcohol and/
or carboxylic acid substituents at the meta- positions. Polyamides 9-12 demonstrated good
sequence specificities and binding affinities greater than that of 1. Polyamide conjugates of

benzoic acid and 3-hydroxy benzoic acid, 9 and 10, respectively, show a modest degree of
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biological activity, but those conjugated to either isophthalic acid or 5-hydroxy isophthalic

acid, 11 and 12, respectively, demonstrate a biological effect similar to that observed for
the parent polyamide 1. These results suggest that the presence of the carboxylic acid
group on the benzene ring is a positive determinant of nuclear localization in this system.

Biotin conjugates 13—15 differ in the identity of the linker moiety and were of
interest due to the potential utility of these conjugates for pull-down experiments. The
binding affinities measured by quantitative DNase [ footprint titration experiments for
these conjugates were similar to that of the parent polyamide 1. By quantitative real-
time RT-PCR, polyamides 13—15 all demonstrated modest biological activities, and the
results do not suggest strong differences in activities based on linker identity. The modest
activities of the biotin conjugates, which might reflect a moderate degree of nuclear uptake,
are neither encouraging nor dismissive of potential applications of these conjugates.

Our working hypothesis regarding VEGF inhibition by polyamides is through
direct interactions with the DNA-HIF-1 interface at the HRE that prevents HIF-1 binding,
most likely by an allosteric mechanism. To explore this model further, we used chromatin
immunoprecipitation to assess HIF-1 occupancy at the VEGF HRE under hypoxia induced
conditions in HeLa cells in the presence and absence of match (and mismatch) polyamides
with variable C-terminus tails. Antibodies against HIF-1a were found to enrich fragments
of DNA containing the VEGF HRE after DFO-induction. This enrichment was reduced in
samples treated with polyamide 1 and, to a lesser extent, polyamide 2. We also undertook
experiments in U251 cells, which express VEGF more robustly and have previously been
used as a model cell line for studying hypoxia-induced VEGF expression (17).

Polyamide-fluorescein conjugates 1 and 2 localize in the nucleus of U251 cells.
Induction of VEGF mRNA in the presence of polyamides 1, 2, 11, and 23 at 0.2 and
1 uM in U251 cells was measured by quantitative real-time RT-PCR. Polyamide 1 showed
significant inhibition at both concentrations. Interestingly, at 1 uM polyamide 2 showed

inhibition greater than that measured in HeLa cells but still significantly less than 1.
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Polyamide 11 exhibits dose-dependent inhibition of VEGF similar to that measured in

HeLa cells, while 23 showed modest activity at both concentrations comparable to that
measured in HeLa cells. Chromatin immunoprecipitation of HIF-1a from U251 cells
treated with HRE-targeted polyamides 1 and 11 and mismatch polyamides 2 and 23 shows
that enrichment of HIF-1a bound DNA fragments containing the VEGF HRE after DFO
induction is inhibited by pre-treatment with polyamides 1 and 11, and to a lesser extent 2
and 23. This is generally consistent with a mechanism whereby polyamides 1 and 11 exert
their effect by preventing HIF-1 binding to the cognate HRE. This is also consistent with
DNase I footprint titrations and gel shift assays in vitro (16).

This report identifies two polyamides, 11 and 12, with non-fluorescent moieties
at the carboxy terminus that bind the VEGF HRE that have biological activity similar
to that of the fluorescein-polyamide conjugate 1 known to localize in the nucleus. Both
polyamides retain an amide-linked benzene ring with a carboxylic acid meta- to the
attachment point and are similar in structure to the proximal portion of fluorescein. Work
is ongoing to synthesize a second series of polyamides designed to examine the role of the
aromatic ring and the carboxylic acid functional group in aiding nuclear localization. As
the mechanism of polyamide uptake and nuclear localization continues to be elucidated, it
is currently unclear whether the biological activity of 11 and 12 is due to improved ability
to buffer the wide range of pH values that may be encountered in the cell (e.g. lysosomes),
improved nuclear localization resulting in an increased effective polyamide concentration
at the DNA, or decreased efflux of polyamide from the cell perhaps through one or several

ATP-dependent drug efflux pumps (26, 27).
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Table 2.2: MALDI-ToF MS Data for Polyamide Conjugates 3—27

MALDI-TOF MS Data for Polyamide Conjugates (3—27):

(3) CtPyPyIm-(R)-y(NH,)-PyImPyPy-B-NH(CH,) N(CH,)(CH,),NH(FAM): MALDI-
TOF-MS Calculated [M+H]: 1676.17; Found: 1676.9.

(4) CtPyPyIm-(R)-y(NH,)-PyImPyPy-NH(CH,),N(CH,)(CH,) NH,: MALDI-TOF-MS
Calculated [M+H"]: 1246.50; Found: 1246.5.

(5) CtPyPyIm-(R)-y(NH,)-PyImPyPy-NH(CH,),N(CH,),: MALDI-TOF-MS
Calculated [M+H"]:1203.46 ; Found: 1203 .4.

(6) CtPyPyIm-(R)-y(NH,)-PyImPyPy-NH(CH,): MALDI-TOF-MS Calculated
[M+H"]: 1132.38; Found: 1132.4.

(7) CtPyPyIm-(R)-y(NH,)-PyImPyPy-NH(CH,), (Morpholine): MALDI-TOF-MS
Calculated [M+H"]:1231.45; Found:1231.7.

(8) CtPyPyIm-(R)-y(NH,)-PyImPyPy-NH(CH,),(Morpholine): MALDI-TOF-MS
Calculated [M+H"]:1245.47 ; Found: 1245.9.

(9) CtPyPyIm-(R)-y(NH,)-PyImPyPy-NH(CH,),N(CH,)(CH,) NH(Benzoic acid):
MALDI-TOF-MS Calculated [M+H"]: 1350.53; Found: 1350.5.

(10) CtPyPyIm-(R)-y(NH,)-PyImPyPy-NH(CH,),N(CH,)(CH,) NH(3-Hydroxy
benzoic acid): MALDI-TOF-MS Calculated [M+H"]: 1366.52; Found: 1366.4.

(11) CtPyPyIm-(R)-y(NH,)-PyImPyPy-NH(CH,) N(CH,)(CH,),NH(Isophthalic
acid):. MALDI-TOF-MS Calculated [M+H"]:1394.52; Found: 1394.5.

(12) CtPyPyIm-(R)-y(NH,)-PyImPyPy-NH(CH,),N(CH,)(CH,) NH(5-
Hydroxyisophthalic acid): MALDI-TOF-MS Calculated [M+H*]:1410.51; Found:
1410.5.

(13) CtPyPyIm-(R)-y(NH,)-PyImPyPy-NH(CH,),N(CH,)(CH,) NH(Biotin): MALDI-
TOF-MS Calculated [M+H]: 1474.10; Found: 1474.5.

(14) CtPyPyIm-(R)-y(NH,)-PyImPyPy-NH(CH,),(O(CH,),),NH(Biotin): MALDI-
TOF-MS Calculated [M+H"]: 1477.05; Found: 1476.8.

(15) CtPyPyIm-(R)-y(NH,)-PyImPyPy-NH(CH,),(O(CH,),),CH,NH(Biotin):
MALDI-TOF-MS Calculated [M+H"]: 1549.16; Found: 1549.5.

(16) ImImPyPy-(R)-y(NH,)-ImPyPyPy-NH(CH,),N(CH,)(CH,),NH,: MALDI-TOF-
MS Calculated [M+H"]:1210.59; Found:1210.7.

(17) ImImPyPy-(R)-y(NH,)-ImPyPyPy-NH(CH,),N(CH,),: MALDI-TOF-MS
Calculated [M+H"]:1267.55; Found:1267.2.

(18) ImImPyPy-(R)-y(NH,)-ImPyPyPy-NH(CH,): MALDI-TOF-MS Calculated
[M+H"]:1096.47; Found:1096.8.
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(19) ImImPyPy-(R)-y(NH,)-ImPyPyPy-NH(CH,),(Morpholine): MALDI-TOF-MS

Calculated [M+H"]:1195.54; Found:1195.6.

(20) ImImPyPy-(R)-y(NH,)-ImPyPyPy- NH(CH,),(Morpholine): MALDI-TOF-MS
Calculated [M+H"]: 1210.56; Found: 1210.0.

(21) ImImPyPy-(R)-y(NH,)-ImPyPyPy-NH(CH,),N(CH,)(CH,),NH(Benzoic acid):
MALDI-TOF-MS Calculated [M+H*]:1314.61; Found: 1314.7.

(22) ImImPyPy-(R)-y(NH,)-ImPyPyPy-NH(CH,),N(CH,)(CH,),NH(3-
Hydroxybenzoic acid): MALDI-TOF-MS Calculated [M+H"]:1330.61; Found: 1330.5.
(23) ImImPyPy-(R)-y(NH,)-ImPyPyPy-NH(CH,) , N(CH,)(CH,),NH(Isophthalic
acid): MALDI-TOF-MS Calculated [M+H"]: 1358.60; Found: 1358.6.

(24) ImImPyPy-(R)-y(NH,)-ImPyPyPy-NH(CH,),N(CH,)(CH,),NH(5-
Hydroxyisophthalic acid): MALDI-TOF-MS Calculated [M+H"]: 1374.60; Found:
1374.7.

(25) ImImPyPy-(R)-y(NH,)-ImPyPyPy-NH(CH,),N(CH,)(CH,),NH(Biotin): MALDI-
TOF-MS Calculated [M+H"]: 1438.62; Found: 1439.0.

(26) ImImPyPy-(R)-y(NH,)-ImPyPyPy-NH(CH,),(O(CH,),),NH(Biotin): MALDI-
TOF-MS Calculated [M+H"]: 1440.57; Found: 1440.4.

(27) ImImPyPy-(R)-y(NH,)-ImPyPyPy-NH(CH,),(O(CH,),),CH,NH(Biotin):
MALDI-TOF-MS Calculated [M+H"]: 1512.68; Found: 1512.8.
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Chapter 3

Modulating Hypoxia-Inducible Transcription by
Disrupting the HIF-1-DNA Interface

Reproduced with permission from (Nickols, N.G., Jacobs, C.S., Farkas, M.E., & Dervan,
P.B. (2007) ACS Chem Biol 2(8), 561-571.) Copyright [2007] American Chemical
Society.
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3.1 Abstract

Transcription mediated by hypoxia inducible factor (HIF-1) contributes to tumor
angiogenesis and metastasis but is also involved in activation of cell-death pathways and
normal physiological processes. Given the complexity of HIF-1 signaling, it could be
advantageous to target a subset of HIF-1 effectors rather than the entire pathway. We
compare the genome-wide effects of three molecules that each interfere with the HIF-1-
DNA interaction: a polyamide targeted to the hypoxia response element (HRE), siRNA
targeted to HIF-1a, and echinomycin, a DNA-binding natural product with a similar but
less specific sequence preference than the polyamide. The polyamide affects a subset of
hypoxia-induced genes consistent with its binding site preferences. For comparison, HIF-
la siRNA and echinomycin each affect the expression of nearly every gene induced by
hypoxia. Remarkably, the total number of genes affected by either polyamide or HIF-1a
siRNA over a range of thresholds is comparable. The data show that polyamides can be
used to affect a subset of a pathway regulated by a transcription factor. In addition, this
study offers a unique comparison of three complementary approaches towards exogenous

control of endogenous gene expression.
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3.2 Introduction

Exogenous chemical and biological methods to control directly expression of selected
endogenous genes could have broad implications for human medicine. Towards this goal,
a number of technological approaches are currently being investigated. Polydactyl zinc
finger proteins are a programmable class of DNA binding proteins capable of sequence-
specific binding (/, 2). These designed proteins have been used to inhibit expression of
target genes (3), and transcriptional activator domain-zinc finger conjugates have been
used to activate expression of target genes (4). The RNA-interference pathway can be
used to regulate gene expression at the post-transcriptional level (5). siRNA and shRNA
molecules enlist cellular machinery to degrade selected mRNA targets (6, 7). RNAIi
technology has been highly effective in achieving potent and specific knock-down of target
mRNAs and is now widely used to probe target gene function (§). However, bioavailability
and delivery of zinc finger proteins and siRNA to targets in humans could be an obstacle
to their therapeutic application and continues to receive considerable attention (§). Cell-
permeable small molecules that modulate protein-protein or protein-DNA interactions
offer another approach to the control of endogenous gene regulation. Screening small
molecule and natural product libraries for a desired effect can identify candidate molecules
with high likelihoods of possessing drug-like bioavailability; drawbacks include the need
to screen anew for each target protein-protein or protein-DNA interaction. Polyamides
containing N-methylimidazole (Im) and N-methylpyrrole (Py) are a class of programmable
DNA-binding small molecules previously used to disrupt protein-DNA interactions in a
sequence-specific manner in cell culture (9, 10).

Controlling the transcriptional activity of hypoxia inducible factor (HIF-1), a
heterodimer of HIF-1a and HIF-13 (ARNT), is a clinically relevant goal (//-7/4). HIF-1
is the principal mediator of the adaptive cellular response to hypoxia (/5). Under normoxic
conditions, HIF-1a is specifically hydroxylated by an iron-dependent proline hydroxylase,

ubiquitinated by the von Hippel-Lindau (VHL) tumor suppressor protein-ubiquitin ligase



51
protein complex, and degraded by the proteosome (/6). Iron chelators, such as deferoxamine

(DFO), can be used to mimic hypoxia in cell culture (/6). Through interaction with co-
activators p300/CBP, HIF-1 directly activates the expression of at least 100 genes involved
in cellular and tissue adaptation to hypoxia (/3), including pro-angiogenic factors such
as vascular endothelial growth factor (VEGF), glycolytic enzymes, extra-cellular matrix
remodeling enzymes, and genes involved in both pro-survival and death pathways (/7).
HIF-1 activation by the hypoxic microenvironment of solid tumors, or by deactivating
mutations in VHL, contribute to an aggressive phenotype of increased cell proliferation,
invasion, metastasis, and drug resistance (//). Given the complexity of HIF-1 signaling
in cellular survival and death pathways, and its critical role in physiological processes in
normal tissues, it could be advantageous to target a subset of HIF-1 effectors rather than
the entire pathway (/3).

In important proof-of-principle experiments, introduction of siRNA against HIF-
2a to VHL renal carcinoma cells was sufficient to abrogate tumor formation by these
cells in mice (/7). Screening for small molecules capable of disrupting the HIF-1-p300
interaction identified chetomin, a natural product that binds p300 that was shown to inhibit
expression of HIF-1 regulated genes and exhibit anti-tumor activity in a mouse model (/8).
In an effort to inhibit directly HIF-1-DNA binding, a hairpin polyamide was designed to
bind the sequence 5’-ATACGT-3’ found in the VEGF HRE. This polyamide bound its
target site and prevented HIF-1-DNA binding in a sequence specific manner, and inhibited
hypoxia-induced expression of VEGF and several other HIF-1 regulated genes in cultured
cells without the use of transfection agents (/9, 20). Melillo and colleagues screened a
library of small molecules for inhibition of HIF-1 mediated transcription in a cell-based
assay and identified the natural product echinomycin, a DNA-binding bisintercalator (217).
Echinomycin binds the four basepair sequence 5’-NCGN-3’ found in the consensus HRE
5’-NACGTG-3’ and inhibited expression of VEGF in cultured cells (22).

To establish a benchmark of comparison for the global effects of polyamides,
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we compare the genome-wide effects on U251 cells induced with DFO of a polyamide

targeted to the HRE sequence 5’-WTWCGW-3’, echinomycin, and siRNA targeted against
HIF-1a. siRNA-mediated destruction of HIF-1ao mRNA establishes a maximum level
of inhibition that can be achieved for HIF-1 target genes through disruption of the HIF-
1-HRE interaction. Nearly all transcripts induced by DFO are inhibited by both HIF-1a
siRNA and echinomycin. Polyamide 1 inhibits only a subset of these genes, and shows
a preference for genes containing HREs of the sequence 5°-(T/A)ACGTG-3’, consistent
with this molecule’s predicted binding preferences. Remarkably, the total number of genes
affected by either polyamide 1 or HIF-1a siRNA over a range of thresholds is comparable.
We show that HIF-1 occupancy at the HREs of two genes affected by polyamide 1 is reduced
in the presence of the polyamide, while HIF-1 occupancy at the HREs of two unaffected
genes is unchanged. We also show that a polyamide that binds a site immediately 5’ to the
VEGF HRE inhibits induced expression of VEGF but not of FLT1, a HIF-1 target gene

lacking this flanking site.
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Figure 3.1. Structures of molecules used in this study. a) Structures of polyamides 1-3 and echinomycin.
Imidazole, pyrrole and chlorothiophene monomer units are represented, respectively, by closed circles, open
circles and squares. b) Three approaches to inhibiting HIF-1 induced gene expression: sequence-specific
small molecule binding to the HRE by a polyamide or echinomycin, and reduction in HIF-1o. mRNA using
siRNA.

3.3 Results and Discussion

Binding of Polyamide 1, 2,3 and Echinomycin at the VEGF and FLT1 HREs. Polyamide
sequence specificity is programmed by side-by-side pairings of heterocyclic amino acids in
the minor groove of DNA: Im/Py distinguishes G+C from C+G; Py/Py binds both AT and
TeA; 3-chlorothiophene/N-methylpyrrole (Ct/Py) prefers TeA at the N-terminus position
(23-25). Polyamide 1 and echinomycin are expected to bind at the VEGF HRE sequence
5’-TACGTG-3’. Polyamide 2 is expected to bind the sequence 5’-AGTGCA-3’ immediately
5’ to the VEGF promoter HRE. HRE-mismatch control polyamide 3 targets the sequence
5’-WGGWCW-3", which is not found near the VEGF HRE. The DNA-bindingaffinities of
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2, 3 and echinomycin for the VEGF HRE were measured by quantitative DNase I footprint

titrations using a 5’ **P-labeled PCR amplification product of the plasmid pGL2-VEGF-
Luc containing the VEGF HRE (Figure 3.2A and 3.2B). Polyamide 1 was previously
found to bind the VEGF HRE (K, = 2.6 (+0.4) x 10" M) (20). For ease of comparison, a
footprinting gel of 1 is included. Polyamide 2 binds the site 5’-AGTGCA-3’ immediately
5’ to the VEGF HRE (K, = 3.2 (x0.6) x 10° M™"). Echinomycin binds the VEGF HRE (K_
= 8.4 (x2.1) x 10° M™"). Polyamide 3 binds the VEGF HRE (K = 8.0 (+1.0) x 10° M),
and approximately 35 basepairs 3’ of the HRE, most likely two 5°-WGWCW-3’ sites (K,
=7.6 (x1.0) x 108 M ™).

The DNA-binding affinities of 1, 2, 3 and echinomycin for the HRE of FLT1 were
measured by quantitative DNase [ footprint titrations using a 5’**P-labeled PCR amplification
product of the plasmid pCSJ-FLT1 (Figure 3.2C and 3.2D). Although formally targeted to
the sequence 5’-WTWCGW-3", polyamide 1 would be expected to bind 5’-CAACGT-3’,
albeit with a moderate decrease in affinity (25). The sequence preference of a Ct/Py pair
for TeA is approximately 4-fold over AeT, but 50-fold over a G*C (25). Polyamide 1
binds the FLT1 HRE (K, = 2.7 (x0.2) x 10° M) . Polyamide 2 binds the FLT1 HRE (K
= 2.2 (x0.8) x 10* M"). Echinomycin binds the FLT1 HRE (K = 2.9 (£0.7) x 10’M™).
Polyamide 3 does not bind the FLT1 HRE with a measurable K , but was observed to bind
a 5’-AGACA-3’ site 16 basepairs 5’ to the FLT1 HRE (K, = 2.7 (+0.4) x 10° M"). These

Ka data are summarized in Table 3.1.

Table 3.1. K, values (M) for 1, 2, 3, and Echinomycin (E) at HRE on pGL2-VEGF-Luc and pCSJ-FLT1

pGIL2-VEGF-Luc Ligand Sequence K (M)
1 5’-ATACGT-3’ 2.6 (£0.4) x 10"
2 5’-AGTGCA-3’ 3.2 (+0.6) x 10°
3 5’-TGGGCT-3" 8.0 (£1.0) x 108
E 5°-ATACGT-3’ 84 (2.1 x10°
pCSI-FIT1 Ligand Sequence K (M
1 5’-CAACGT-3’ 2.7 (x0.2) x 10°
2 5’-TGAGGA-3’ 2.2 (x0.8) x 10®
3 5’-CAACGT-3> -
E 5’-CAACGT-3’ 2.9 (£0.7) x 107

K, values reported are mean values of three DNase 1 footprint titration experiments; standard deviations in parentheses.
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Figure 3.2. Quantitative DNase I footprint titration experiments for polyamides 1-3 and echinomycin, E. a) Illustration
of pGL2-VEGF-Luc and partial sequence containing VEGF HRE and polyamides 1, 2 and echinomycin putative binding
sites. b) Quantitative DNase I footprint titration experiments for polyamides 1, 2, 3, and E, on 5’-end-labeled PCR
product of plasmid pGL2-VEGF-Luc. For 1, 2, and 3: lanes 1-11, 100 nM, 30 nM, 10 nM, 3 nM, 1 nM, 300 pM, 100
pM, 30 pM, 10 pM, 3 pM and 1 pM polyamide, respectively; lane 12, DNAse I standard; lane 13, intact DNA; lane 14,
A reaction; lane 15, G reaction. For E: lanes 1-11, 10 uM, 3 uM, 1 uM, 300 nM, 100 nM, 30 nM, 10 nM, 3 nM, 1 nM,
300 pM, 100 pM echinomycin, respectively; lanes 12-15 as above. Polyamide 1 and E K = 2.6 (x0.4) x 10'° M and
K, = 8.4 (£2.1) x 10° M, respectively, at VEGF HRE. Polyamide 2 K = 3.2 (x0.6) x 10° M"' for 5’-AGTGCA-3’ site
immediately 5’ to VEGF HRE. Polyamide 3 K = 8.0 (x1.0) x 10* M"' for VEGF HRE. c) Illustration of pCSJ-FLT1 and
partial sequence containing FLT1 HRE and putative binding sites for 1 and E. d) Quantitative DNase I footprint titration
experiments for 1, 2, 3, and E on 5’ end-labeled PCR product of plasmid pCSJ-FLT1. Lane assignments for gels in d)
are as for b). Polyamlde land EK, =2.7(0.2) x 10° M and K = 2.9 (+0.7) x 107 M, respectively, at FLT1 HRE.
Polyamide 2 K = 2.2 (x0.8) x 10° at this site. Polyamide 3 does not bind FLT1 HRE with a measurable K.
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Suppression of induced VEGF and FLT1 expression. HIF-1 induces VEGF expression

by binding to the 5’-TACGTG-3" HRE located approximately 950 base pairs upstream of
the transcription start site (26, 27). The effect on induced VEGF expression by siRNA
silencing of HIF-1a mRNA establishes a theoretical maximum level of inhibition through
disruption of HIF-1-DNA binding. HIF-1lao mRNA was reduced by approximately
95% in the presence of HIF-1a siRNA, but was minimally affected by polyamides 1, 2
or echinomycin under induced conditions (Figure 3.3). A mismatch control siRNA did
not reduce HIF-1oo mRNA. Polyamides 1 and 2 (1 uM) and HIF-1a siRNA had similar
effects on induced VEGF expression; treatment inhibited most of the increase in VEGF
mRNA following DFO treatment, but not to levels below that observed for non-induced
controls (Figure 3.3A). As previously reported, 100 nM echinomycin potently inhibits
VEGF expression to levels below the non-induced control (27/). HRE-mismatch control
polyamide 3, which binds the HRE with a much reduced affinity relative to 1, had a more
modest effect on VEGF mRNA levels. It is also possible that the modest but measurable
effect of polyamide 3 on VEGF expression could be due to interference with other protein-
DNA interactions elsewhere in the promoter or enhancer of VEGF, or is due to secondary
effects from direct effects on other genes. A mismatch control siRNA had a limited effect
on VEGF mRNA levels.

Induction of FLT1 (VEFG receptor type 1) is mediated by HIF-1 binding to the
5’-AACGTG-3" HRE in the FLT1 promoter (28). Polyamide 1 and HIF-1a siRNA both
inhibited FLT1 expression following DFO induction (Figure 3.3B). Echinomycin reduced
FLT1 expression to below that of the non-induced control. Polyamides 2 and 3 had minimal
effect. A mismatch control siRNA also had a limited effect on FLT1 mRNA levels. Given
the relative binding affinities of polyamide 1 and echinomycin, it may be surprising that 1
uM of polyamide 1 is necessary to inhibit VEGF and FLT1 expression comparably to HIF-
la siRNA, while 100 nM echinomycin reduces their expression to sub-basal levels. The

structure of double-helical DNA is not greatly perturbed by minor groove-binding hairpin
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polyamides (23); echinomycin-DNA binding causes local unwinding and lengthening of

the DNA helix, which might account for its greater potency in these experiments (29, 30).
Polyamide-intercalator conjugates have been shown to unwind DNA in a sequence-specific
fashion and to improve the ability of a polyamide to inhibit binding of several DNA-binding
proteins in vitro (31, 32). Attempts to use polyamide-intercalator conjugates to target the
VEGF HRE have not been successful due to poor nuclear uptake.

The ability to target DNA sequences flanking critical protein-DNA binding sites
while maintaining productive inhibition of protein-DNA binding expands the repertoire of
such interactions amenable to inhibition by polyamides. In a similar approach, Kageyama
et al. showed that polyamides targeted to sequences flanking the VEGF HRE could inhibit
VEGF expression (33). Polyamides targeted to flanking sites have previously successfully
inhibited protein-DNA binding in the cases of TATA-binding protein and LEF-1 (34). It
should be noted that minor groove-binding polyamides and some major groove-binding

proteins co-occupy DNA sequences in some cases (39).
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Figure 3.3. Quantitative real-time PCR measurements. a) Induction of VEGF mRNA by deferoxamine (DFO)
measured by quantitative real-time PCR: HIF-1a siRNA, R; mismatch control siRNA, R*; echinomycin (100
nM), E; and polyamides 1, 2, and 3 (1 uM). Treatment with siRNA, 1, or 2 decrease VEGF mRNA levels to near
non-induced levels. Echinomycin potently inhibits VEGF mRNA to below non-induced levels. Polyamide 3 has
a more modest effect. b) Induction of FLT1 mRNA by DFO measured by quantitative real-time PCR: HIF-1a
siRNA, R; mismatch control siRNA, R*; echinomycin (100 nM), E; and polyamides 1, 2, and 3 (1 uM). The
siRNA, E, and 1 decrease FLT1 mRNA levels. Polyamides 2 and 3 have minimal or no effect. c) Measurement
of HIF-1oo mRNA by quantitative real-time PCR: HIF-1a siRNA, R; mismatch control siRNA, R*; echinomycin
(100 nM), E; and polyamides 1, 3 (1 uM). Treatment with siRNA decreases HIF-1o. mRNA by more than 95%.
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Microarray analysis of gene expression. One potential limitation to the use of hairpin-

polyamides for gene regulation is binding site size and specificity for match versus
mismatch sites, which may result in prohibitively large numbers of affected genes. To
examine this, the global effects of polyamide treatment on hypoxia-induced gene
expression were measured using Affymetrix Human Genome U133 Plus 2.0 Arrays
containing oligonucleotide sequences representing more than 50,000 transcripts. To
establish a benchmark for comparison, the effects of HIF-1a siRNA and echinomycin
were also measured. Experiments were conducted in triplicate, and gene expression levels
normalized to DFO-treated controls. Cells not treated with DFO were normalized to DFO-
treated controls.

Polyamide 1 (1 uM) affected expression of 2,284 transcripts by more than 2-fold
(p = 0.01) (Table 3.2). At the same threshold, HIF-1a siRNA affected 3,190 transcripts
and echinomycin (100 nM) affected 10,906. In all cases, a majority of affected genes
were down-regulated. For comparison, DFO treatment alone affected expression of 2,142
transcripts (4.6% of interrogated transcripts), with a majority up-regulated.

Table 3.2. Number of transcripts affected (p < 0.01). R, HIF-1a siRNA; E, echinomycin; 1, polyamide.

Treatment - R E 1
DFO - + + +
up-regulated (fold change > 2.0) 662 1,380 3,480 709
down-regulated (fold change < -2.0) 1,480 1,810 7,426 1,575
up-regulatd (fold change > 4.0) 62 122 413 57
down-regulated (fold change < -4.0) 296 356 4,133 336

Clustering analysis was performed to identify similarities in the expression profiles
between the different treatments (Figure 3.4). The expression profile of cells treated with
HIF-1a siRNA is similar to that of cells not treated with DFO under the conditions of
the analysis; the expression profiles of echinomycin-treated and polyamide-treated cells
are less similar to each other and to the other treatments. Analysis of transcripts affected

by both 1 and HIF-1a siRNA shows that 395 and 150 transcripts are commonly down-
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and up-regulated, respectively, at least 2-fold (p < 0.01). A similar analysis of transcripts

affected by both 1 and echinomycin shows that 731 and 112 transcripts are commonly
down- and up-regulated, respectively. Analysis of transcripts affected by both siRNA and
echinomycin shows that 1140 and 443 transcripts are commonly down- and up-regulated,
respectively. A side-by-side, genome-wide expression analysis of fluorescein-tagged
analogs of polyamides 1 and 3 in DFO-induced cells was previously reported (/9), and
found that a majority of genes were uniquely affected by each polyamide, with a number
of genes commonly affected, under the conditions of the experiments. It is not entirely
unsurprising that there is some overlap in genes affected by polyamides targeted to different
DNA sequences, given that we do not have a full understanding of all DNA sequences

involved in the direct or indirect regulation of a given gene.

a b c Fold Change
Treatment - R 1 E Treatment - R E 1 Treatment - R E 1
DFO - + + + DFO - + + + DFO - + + +
i — ANGPT1 202 224 -135 -326
— cA12 562 -409 -648 -544
SERPINE1 272 968 241 74
3 IGFBP3 4612 2611 -100  -7.13
cA9 408 -1203 -758 -2.23
3 VEGF 294 561 -3416 -1.83
3 HIG2 1483 121 -100 -2.44
g FLT1 281 513 379 -145
L cp 191 389 -433 211
EDN2 432 752 -551 -588
5 TFR2 -34 324 -207 -1.86
k TGFA 1022 -11.03 2346 -4.46
: EDN1 223 21 -1041 223
‘ AK3 394 1426 503 -1.12
q BNIP3L 327 854 -403 -1.04
1 ADM -357 -3.80 -1361 -1.10
4 NDRG1 58 88 -108 -1.23
E21G5 321 536 -541 -1.18
1 Lox -19.36 1079 -1941 -162
: TGFB3 162 -159 173 -1.11
PFKFB3 249 46 -2518 1.09
] PFKFB4 826 -1329 -86.46 121
3 BNIP3 234 492 745 141
g HK1 190 -196 -2.84 -1.15
i LDHA 181 -1.85 -16.18 -1.06
] EGLN1 375 -447 2734 103
3 EGLN3 405 697 -7359 -1.08
i PGKA 47 321 215 112
i CDKN1A 399 203 -8894 156
TFRC 188 -140 -1.50 108
-1.0 +1.0 HMOX1 475 110 —~11.93  1.51

Log (ratio)

Figure 3.4. Microarray analysis of gene expression. a) Divisive clustering analysis over all interrogated
transcripts for DFO-induced cells: HIF-1a siRNA, R; echinomycin (100 nM), E; and polyamides 1 (1 uM).
b) Agglomerative clustering analysis over all 297 transcripts induced by DFO at least 4-fold (p < 0.01). Of
this transcript set, HIF-1a siRNA inhibited 244, echinomycin inhibited 263, and polyamide 1 inhibited 69
by = 2-fold (p = 0.01). c¢) Effects of the indicated treatments on a panel of genes previously characterized as
direct targets of HIF-1 and also induced by DFO at least 1.5-fold (p = 0.01) in this experiment. Treatments
reported are an error-weighted average from three experiments.
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We find that DFO induced the expression of a set of 297 transcripts by at least

4-fold (p = 0.01) (Figure 3.4B). Of this set, 69 were inhibited by polyamide 1 by at least
2-fold (p = 0.01). For comparison, HIF-1a siRNA inhibited 244, and echinomycin 263
of the 297 DFO-induced transcripts. It is not known what proportion of these affected
transcripts are direct HIF-1 targets. To examine more closely the effects of polyamide 1,
HIF-1a siRNA, and echinomycin on transcripts induced directly by HIF-1, we examined
a limited set of 31 transcripts consisting of previously identified direct HIF-1 targets that
were induced at least 1.5-fold (p < 0.01) by DFO in this experiment (Figure 3.4C) (28,
36—45) Nearly all 31 transcripts in this set were down-regulated by HIF-1a siRNA. In
most cases, the expression was reduced to levels observed in cells untreated with DFO.
Echinomycin treatment resulted in down-regulation of all 31 transcripts. For some genes,
including VEGF, expression was reduced to levels far below those of the siRNA-treated
cells and non-induced controls. Polyamide 1 inhibited the expression of 14 of these but
displayed minimal effect on the others. Shown in Figure 3.5 is a Venn diagram representing
transcripts commonly down- and up-regulated (|fold-change| = 2.0, p < 0.01) by 1 and HIF-
la siRNA, by 1 and echinomycin, and by HIF-1a siRNA and echinomycin.

The HRE sequences for these genes, where known, are displayed in Table 3.3.
Quantitative real-time RT-PCR was used to confirm the effects of polyamides 1, 3,
echinomycin, and siRNA treatments on these 11 genes. RT-PCR confirms that siRNA and
echinomycin reduced expression of all genes in this set. Polyamide 1 significantly affected
four genes in this set. Polyamide 3 had a modest but measurable effect on VEGF expression,
but little effect on the expression of all the others. Chromatin immunoprecipitation was
used to measure HIF-1 occupancy at the VEGF and carbonic anhydrase IX (CA9) HRE,
which were both affected by polyamide 1, and PGK1, which was unaffected (Figure 3.6).
HIF-1a occupancy at the VEGF HRE was decreased by HIF-1a siRNA, echinomycin,
and polyamide 1, but less so by HRE-mismatch polyamide 3. HIF-1 occupancy at the

CA9 locus was also decreased by HIF-1a siRNA, echinomycin, and polyamide 1, but



61

was unaffected by 3. HIF-1 occupancy at PGK1 was markedly decreased by siRNA, but

minimally affected by polyamides 1 and 3. Surprisingly, echinomycin did not appear to

affect HIF-1 occupancy at this locus. It is interesting to note that all of the genes affected

by polyamide 1 (Table 3.2) have HREs that fall within the sequence 5’-(T/A)ACGTG-3’,

consistent with the expected DNA binding preferences for 1.

Table 3.3. HIF-1 induced genes affected by HIF-1a siRNA (R), echinomyc

in (E, 100 nm), 1 and 3 (1 uM).
1 3

HRE() (5° to 3°) R E
TFRC agcgTACGTGecctc -2.0 -2.3 1.1 1.4
PKFB3 gcggGACGTGacgc -5.5 -82.0 1.0 1.0
gacgCACGTGggca
LDHA ggcgGACGTGcggyg -1.7 4.4 1.3 1.1
ctcaCACGTGggtt
BNIP3 gccgCACGTGccac 9.4 -6.0 1.3 1.0
EGLN3 gggcTACGTGcaga -5.3 -33.6 1.0 -1.1
EGLNI1 ggtgTACGTGcaga -34 -19.8 1.1 1.0
PGK1 gtgaGACGTGcggc -5.4 -3.3 -1.2 1.0
tgccGACGTGcgct
CA9 gctgTACGTGcatt -89.0 94 -2.1 -1.1
VEGF tgcaTACGTGggct -3.4 -34.0 -2.0 -1.3
FLTI gaacAACGTGgaat -2.2 -4.7 -2.0 -1.1
EDNI1 aggcAACGTGcagc -3.5 -31.0 -2.5 1.3

3.4 Discussion

In this experiment, polyamide 1 (1 uM) affected expression of 2,284 transcripts by more

than 2-fold (p < 0.01), which represents less than 5% of transcripts assayed. A search of

the publicly available human genome for the sequence 5’-WTWCGW-3’ finds 1,876,480

potential match sites for polyamide 1. This corresponds to an average of one binding site

every 1,600 base pairs. The proportion of these sites accessible to polyamide binding in
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the context of heterochromatin in vivo is currently unknown. Additionally, data from in

vitro transcription experiments suggest that polyamides non-covalently bound within the
coding region of a gene would not interfere with RNA polymerase activity at that locus
(34). It would thus not be surprising if a significant fraction of polyamide-DNA binding
events in a cell do not directly affect gene expression. In parallel to this, global analysis
of transcription factor binding to chromatin in vivo has shown occupancy at promoters and
enhancers without associated changes in gene expression at that locus (46).

Interestingly, polyamide 1 (1 uM) affected the expression of fewer genes than
HIF-1a siRNA under the conditions of the experiment. A direct comparison in genomic
specificity between polyamide and siRNA cannot be drawn from these limited data because
a large proportion of the genes affected by siRNA are likely a result of silencing the target
gene, HIF-1a, rather than off-target effects involving post-transcriptional silencing of
mRNA using the RNA interference pathway (47). If we eliminate from the total number
of transcripts affected by the HIF-1a siRNA (2-fold, p < 0.01) all transcripts affected by
treatment with DFO alone (1.5-fold, p < 0.01) we are left with 1,523 affected transcripts. A

similar treatment of the data for polyamide 1 results in 1,626 affected transcripts.

1 R 1 E R E
Down-regulated
p <0.01, fold-change <-2.0
844 6286
1 R 1 E R E
Up-regulated
p <0.01, fold-change> 2.0

Figure 3.5: Venn diagrams representing transcripts commonly down- and up-regulated (|fold-change| = 2.0, p
=0.01) by 1 and HIF-1a siRNA, by | and echinomycin, and by HIF-1a siRNA and echinomycin. Numbers
inside intersections represent transcripts affected by both treatments.
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It should also be noted that for most HIF-1 regulated genes affected by both

polyamide and siRNA, inhibition by the polyamide was more modestthan siRNA, suggesting
incomplete abrogation of HIF-1 DNA binding by the polyamide. Approximately 23% of
the 297 transcripts induced by DFO were inhibited by polyamide 1. For genes where the
functional HRE is known, the effects of treatment with polyamide 1 or echinomycin are,

thus far, consistent with the expected binding preferences of these molecules.
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Figure 3.6. Chromatin immunoprecipitation at three HREs. a) Chromatin immunoprecipitation of HIF-1a
at the VEGF HRE following DFO treatment: HIF-1a siRNA, R; echinomycin (100 nM), E; and polyamides
1 and 3 (1 uM). Occupancy is decreased in the presence of R, E, and 1, but only modestly affected by 3.
Chromatin immunoprecipitation of HIF-1a at the CA9 HRE (b), and PGK1 HRE (c).

HIF-1 is frequently overactive in tumors, and a number of direct targets in the HIF-
1 pathway have become points of clinical intervention (48). Bevacizumab, an anti-VEGF
antibody, and sorafenib and sunitinib, tyrosine kinase inhibitors with activity against the
VEGF receptors, have shown some promise in clinical trials as cancer therapeutics (49—
51). Echinomycin had been previously brought to the clinic as a cancer therapeutic in
phase I and II trials (52), based on observations that echinomycin exhibits potent anti-
proliferative effects on several tumor-derived cell lines (52, 53). However, survival benefit
was not established (52). In light of recent work by Melillo and colleagues, re-examination
of the clinical use of echinomycin in tumor types expected to be highly sensitive to HIF-1
activity may be justified (21).

The induction of pro-angiogenic, proliferative, metastatic, and glycolytic genes by

HIF-1 are established as contributing to the cancer phenotype (/7). Genes that promote
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cell death, such as BNIP3 and NIX (BNIP3L), are also induced by hypoxia through HIF-

1 (54). In this sense, HIF-1 plays dual roles in the survival and death pathways of tumor
cells (/2). A functional separation of these targets of HIF-1 at the level of HIF-1-DNA
binding might have clinical relevance (/2). Given sufficient knowledge of the particular
regulatory sequences involved, one could, in principle, design a polyamide or cocktail of
polyamides to affect a selected subset of target genes in the HIF-1 pathway, making use of
the programmability of polyamide recognition for targeting particular HREs and flanking
sequences. The utility of polyamides as regulators of hypoxia-induced gene expression

awaits continued study in small animal models of HIF-1 activity.

3.5 Methods

Synthesis of Polyamides

Polyamides were synthesized by solid-phase methods on Kaiser oxime resin (Nova
Biochem), cleaved from resin with 3,3’-diamino-N-methyl-dipropylamine and purified by
reverse-phase HPLC (55). Isophthalic acid was activated with PyBOP (Nova Biochem)
and conjugated to polyamides as previously described (20). Polyamide purity and identity
assessed by HPLC, UV-visible spectroscopy, and MALDI-ToF MS (Figure 3.7).
Determination of DNA-binding affinities and sequence specificities. Quantitative DNase
I footprint titration experiments were used to measure the binding affinities of polyamides
1, 2, 3, and echinomycin on 5’ **P-labeled fragments of pGL2-VEGF-Luc and pCSJ-FLTI
containing promoter sequences containing the HREs of VEGF and FLT1, respectively.
Quantitative DNase I footprint titration experiments were conducted as reported previously
(50).

Measurement of hypoxia-induced gene expression. U251 cells were plated in 24-well
plates at a density of 20-30 x 10° cells per well (40-60 x 10° cells/ml) in RPMI (ATCC)
supplemented with 5% FBS (Irvine Scientific). After 24 hours, polyamides were added

to the adhered cells in cell media solutions at the appropriate concentration and incubated
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with the cells for 48 hours. Hypoxic induction of gene expression was chemically

induced by adding DFO to 300 uM for an additional 16 hours. When appropriate,
echinomycin was added two hours prior to DFO stimulation. Isolation of RNA and
subsequent cDNA synthesis were as previously described (/9). When appropriate, HIF-
la siRNA (HIF-la validated stealth duplex, Invitrogen) or mismatch control siRNA
with similar GC content (Invitrogen) was transfected 48 hours prior to RNA isolation.
Transfection of siRNA was achieved using Lipofectamine 2000 (Invitrogen) according to
manufacturer’s protocols. Quantitative real-time RT-PCR was performed using SYBR
Green PCR Master Mix (Applied Biosystems) on an ABI 7300 instrument. Target gene
mRNA was measured relative to B-glucuronidase as an endogenous control. Primer
employed were: VEGF, L 5>~ AGGGCAGAATCATCACGAAG-3’, R 5’-GGGTACTCC
TGGAAGATGTCC-3’; B-glucuronidase, L 5’-CTCATTTGGAATTTTGCCGATT-3’,
R 5’-CCGAGTGAAGATCCCCTTTTTA-3’; FLTI, L
5’-CAGCAACATGGGAAACAGAAT-3’, R 5>-TAGAGTCAGCCACAACCAAGG-3".

Chromatin Immunoprecipitation. U251 cells were plated in 15 cm diameter plates and
left to attach overnight. Media, time course, DFO, polyamide, echinomycin, and siRNA
treatments were as described above. Afterthe 16 hour DFO treatment, cells were treated with
1% formaldehyde for 10 minutes. Chromatin was isolated and sheared. HIF-1a antibodies
(Novus Biologicals) were used to immunoprecipitate HIF-1-bound DNA fragments. After
crosslink reversal, PCRs using primers targeted to the regions of interest were used to
assess enrichment of bound fragments as compared to mock-precipitated (no antibody)
controls. PCRs were monitored either using SYBR Green PCR Master Mix (Applied

Biosystems) on an ABI 7300 instrument, or directly visualized using gel electrophoresis.

The following primers were used: VEGF, L 5-CCTTTGGGTTTTGCCAGA-3’, R
5’-CCAAGTTTGTGGAGCTGA-3’; CA9, L 5-AAAAGGGCGCTCTGTGAGT-3’, R
5’-GCTGACTGTGGGGTGTCC-3’; PGK1, L 5°’-CCCCTAAGTCGGGAAGGTT-3’, R
5’- GTCCGTCTGCGAGGGTACTA-3".
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Analysis of Gene Expression with Oligonucleotide Microarrays. U251 cells were

plated in 12-well plates at a density of 40-60 x 10° cells per well. Media, time course,
DFO, polyamide, echinomycin, and siRNA treatments were as described above. RNA was
isolated as previously described. Further sample preparation for microarray experiments
was carried out at the Millard and Muriel Jacobs Gene Expression Facility at Caltech.
Labeled mRNA was hybridized to Affymetrix Human 133 arrays according to established
protocols. Gene expression was analyzed using Resolver (Rosetta Biosoftware, Seattle).

Accession Codes. Data have been deposited in NCBIs Gene Expression Omnibus

(GEO, http://www.ncbi.nlm.gov/geo/), accessible through GEO Series accession number

GSE7535.
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Chapter 4

Effect of Linker, Linkage, and Tail Modifications on Biological
Activity of Pyrrole/Imidazole Polyamides

Reproduced in part with permission from Journal of Medicinal Chemistry, submitted for
publication. Unpublished work copyright 2009, American Chemical Society.
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Abstract

Pyrrole/imidazole (Py/Im) hairpin polyamides are a class of small molecule DNA-minor
groove binding compounds that have been shown to regulate endogenous gene expression
in vivo. Gene regulation by polyamides requires efficient cellular uptake and nuclear
localization properties for candidate compounds. To further optimize Py-Im polyamides
for enhanced potency in vivo, a library of polyamides possessing various tail, linker and
linkage moieties was synthesized and tested. Comparison of polyamide biological activity
in two cell lines revealed tolerance for structural modifications and agreement in activity
trends between cell lines. The use of an oxime linkage between the polyamide terminus
and an aromatic functionality on the tail resulted in a ~20-fold increase in the potency
of polyamides targeted to the Androgen Response Element (ARE) in LNCaP cells by

measuring AR-activated PSA expression.
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Introduction

Small molecules capable of regulating endogenous gene expression in a specific fashion
could find numerous applications in molecular biology and human medicine.!'> DNA-
binding polyamides comprised of N-methylimidazole (Im) and N-methylpyrrole (Py) are a
class of programmable small molecules that bind the minor groove of DNA in a sequence
specific fashion and have been employed as regulators of gene expression through DNA-
binding and modulation of the transcription factor-DNA interface.> Hairpin polyamides
are comprised of two Im/Py strands linked via an aliphatic linker, with sequence specificity
resulting in a programmed fashion from side-by-side heterocyclic amino acid pairings:
Im/Py recognizes G*C over C*G; Py/Py is degenerate for A*T and TeA, while the
3-chlorothiophene N-terminus cap/Py recognizes T*A over A*T.*® Eight-ring Im/Py
polyamides have been shown to exhibit specific binding with binding affinities comparable
to natural DNA-binding transcription factors.” Polyamide regulation of gene expression
presumably occurs through either direct steric blockade of transcription factor binding sites
or allosteric modification of DNA topology. While the sequence specificity and DNA-
binding affinity of these small molecules is well studied, investigations into their potential
therapeutic applications are active areas of investigation. We have recently shown that
the biological activity of Im/Py polyamides can be improved via the incorporation of an
isophthalic acid (IPA) group at the polyamide C-terminus, and we present here further
structural modifications to polyamide tail and linker groups that increase even further their
biological activity.?

Early in vivo gene regulation studies relied on fluorescein-polyamide conjugates as cell
permeable compounds.”!* Subsequent studies in this arena aimed at eliminating the
fluorescent tag utilized quantitative real-time RT-PCR to measure mRNA levels of an
endogenous inducible gene as a biological readout of polyamide nuclear entry and DNA-
binding. A focused library of minimized FITC analogues identified a stable, inexpensive

replacement for fluorescein in the form of the IPA tail, which rivaled the activity of the
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original FITC-labeled polyamide in HeLa (cervical cancer) and U251 (glioma) cells.?

Subsequent work in other cell lines aimed at regulating different target genes has validated
this C-terminus modification as a positive contributor to biological activity with negligible

detrimental impact on polyamide sequence specificity or binding affinity.'* 15
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Figure 4.1. Project overview. A) Schematic illustration of polyamide-DNA recognition through formation
of hydrogen bonds with the floor of the DNA minor groove. The y-turn, polyamide heterocycle core,
C-terminus linker, C-terminus linkage, and C-terminus tail of the polyamide are indicated by brackets and
labeled for clarity. B) Schematic illustration of the mechanism by which polyamides affect gene expression.
Sequence-specific binding of a polyamide core to a gene Response Element (RE) blocks Transcription Factor
(TF) binding to the RE, thus blocking up-regulation of gene product expression under inducing conditions.
Relative mRNA expression levels under inducing conditions were employed as a biological readout of
polyamide cell uptake nuclear localization. Displayed in tabular form are the relevant transcription factors,
gene products, DNA RE binding sequence, and cell lines for each set of match and mismatch polyamides.

The discovery of new moieties that facilitate polyamide cell uptake and nuclear localization
for gene regulation studies is an area of keen interest as we aim to enhance further polyamide
efficacy as we transition our studies towards animal disease models. The present study
investigates the influence of linker, chemical linkage, and target cell line on polyamide
nuclear localization utilizing a small library of C-terminus-modified polyamides (Figure
4.1). Quantitative real-time RT-PCR of relative mRNA expression levels in cells treated

with polyamides was used as a measure of biological efficacy and the criterion for ranking
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members of the polyamide library. Polyamides were targeted either to the vascular

endothelial growth factor (VEGF) promoter in U251 (glioma) and LNCaP (prostate) cells,
or to the prostate specific antigen (PSA) promoter in LNCaP cells (Figure 4.1B), as these
two transcription-factor systems have been exploited for regulating such medically relevant
genes by our group.'*!> Although a variety of structural parameters were evaluated, it was
discovered that a C-3 aliphatic linker tethered to an aromatic group through an oxime
linkage resulted in enhanced polyamide potency. This motif has been employed recently
by our group for the facile '8F-labeling of polyamides for in vivo biodistribution by positron
emission tomography.!® This particular modification, as well as a variety of structural

perturbations to the polyamide C-terminus, is discussed in detail.
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Figure 4.2. Schematic illustration of the polyamide cores and tail groups employed. A) At left are given the
HRE match (1-11) and HRE mismatch (12-22) cores employed in U251 and LNCaP cells, and on the right
the ARE match (23-33) and ARE mismatch (34-44) cores employed in LNCaP cells. Below the chemical
structure is a schematic “ball-and-stick” shorthand representation of each core, in which pyrrole (Py) is
symbolized by an open circle, imidazole (Im) by a filled circle, and chlorothiophene cap by an open square.
B) The chemical structures of the tail groups “R” for compounds 1-44 are shown. Structures 45-48 are the
“core-less” oxime-linked control compounds.
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Results

Quantitative Real-Time RT-PCR data for Polyamide-Treated U251 and LNCaP cells
The biological activity against DFO-induced VEGF expression of HRE-targeted match (6-
11) and mismatch (12-22) polyamides was studied in U251 and LNCaP cell culture, and of
ARE-targeted match (28-33) and mismatch (39-44) polyamides against DHT-induced PSA
expression in LNCaP cells. A schematic representation of polyamide-DNA binding and an
overview of the project is shown in Figure 4.1, structures of the polyamide cores and tails are
shown in Figure 4.2, and results for cell culture experiments in Figures 4.3-4.7. Polyamides
that regulate VEGF expression under hypoxic (inducing) conditions target the hypoxia
response element (HRE) 5’-ATACGTG-3’ of the VEGF promoter (compounds 1-11), and
those that target PSA expression following dihydrotesterone (DHT) induction target the
androgen response element (ARE) 5~ AGAACAG-3’ of the PSA promoter (compounds
23-33). For each gene, a set of mismatch control polyamides was included; mismatch
polyamides are designed not to bind to the HRE or ARE, though some degree of biological
activity is not unexpected, presumably due to off-target effects. The mismatch polyamides
for the HRE series are 12-22 (target 5’-WGGWCW-3’ sequences), and for the ARE series
are 34-44 (target 5’-WGWCGW-3’ sequences). These compounds are linked either through
an amide linkage (6-8, 17-19, 28-30 and 39-41) or an oxime linkage (9-11 and 20-22, 31-
33 and 42-44) to a C-terminal tail group. For each linker group, unconjugated free amine
control compounds lacking a tail moiety (2-5 and 13-16, 24-27 and 35-38 (match and
mismatch polyamides, respectively)) were included: due to its historical use and known
modest level of biological activity, BDp tail (1, 12,23 and 34) polyamides were included
for further comparison. Polyamide-untreated uninduced and polyamide-untreated induced
conditions were used as controls, and VEGF or PSA mRNA expression levels in treated
cells were normalized to those in the untreated, induced controls. Induced and uninduced
DMSO-treated control conditions were included to rule out vehicle (DMSO) as the source

of relative mRNA expression changes (DMSO concentration < 0.1% for all biological
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experiments)'’. Unless otherwise noted, U251 cells were dosed with polyamides at 1,0.2

and 0.02 uM, and LNCaP cells were dosed at 10, 2 and 0.2 uM; for both the VEGF and
PSA systems, cells were dosed with control unconjugated control polyamides only at the
highest concentration.

Biological Activity of HRE-targeted polyamides in U251 and LNCaP cells The data
obtained for the amide-linked HRE series in U251 and LNCaP are shown in Figures 4.3A
and 3B, respectively. The biological activity measured for 6 is comparable to previously
obtained data for 6 at 1 uM in U251 cells.® > The general trend in this cell line indicates
that the unconjugated control compounds lacking the IPA tail moiety all exhibited a modest
degree of activity, but that activity is improved through IPA conjugation. IPA conjugation
resulted in a greater increase in activity for compounds bearing the triamine linker than
for compounds bearing the C7-linker or C3-linker. The BDp tail was the least active of
all tails in this series. In LNCaP cells, the unconjugated controls were more active than
in U251 cells, with the unconjugated parent compound 4 as active as IPA conjugates 6-8.
Conjugation of the IPA tail increased the activity of the triamine and C7-linked compounds,
but the difference in activity between unconjugated parents and the IPA derivatives was
more modest than in U251 cells. The BDp tail polyamides (1 and 12) were more active in
LNCaP than U251.

The activity of the HRE oxime-linked series was measured in U251 and LNCaP, and the
results are shown in Figure 4.6A and 4.6B, respectively. Compounds 9-11 were active in
U251 cells under hypoxic conditions: VEGF mRNA expression was downregulated ~60%
in U251 cells treated with 1 uM 9-11, which is comparable to the activity of 6 at 1uM in
U251 (Figure 4.3A). Mismatch polyamide compounds 20-22 were as active in U251 cells
as their respective match polyamides 9-11. In LNCaP cells, compounds 9-11 were also
active: VEGF mRNA expression levels measured for cells treated with 10 uM 9-11 were
downregulated ~80%. Mismatch oxime-linked polyamides were significantly active in

LNCaP cells.
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Figure 4.3. Quantitative real-time RT-PCR data showing the effect of HRE-targeted match compounds 1-4,
6-8 and their mismatch congeners 12-15, 17-19 on DFO-induced VEGF expression in cultured cells. Induced
and uniduced control conditions are indicated by black bars, match core compounds by light grey bars, and
mismatch core compounds by dark grey bars. Uninduced and induced control compounds without DMSO
are on the left, and with 0.1% DMSO on the right. Errors shown are the fractional standard deviation. A)
Expression of VEGF in cultured U251 cells under DFO-induced hypoxic conditions of match core control
compounds 1-4 and mismatch core control compounds 12-15 at 1 uM concentration. Cells were treated
with match compounds 6-8 and respective mismatch compounds 17-19 as 1, 0.2 and 0.02 uM cell culture
media solutions. B) Expression of VEGF in cultured LNCaP cells under DFO-induced hypoxic conditions
of match core control compounds 1-4 and mismatch core control compounds 12-15 at 10 uM. Cells were
treated with match compounds 6-8 and respective mismatch compounds 17-19 as 10, 2 and 0.2 uM cell
culture media solutions.

Biological Activity of ARE-targeted polyamides in LNCaP cells The relative PSA mRNA
levels in LNCaP cells induced with 1 nM DHT and dosed with polyamides 23-44 were
measured (Figure 4.4 and Figure 4.6C.) In the amide series, the unconjugated free amine
control compounds 23-26 were more active than mismatch controls 34-37. Amide-linked
ARE compounds 28-30 were appreciably active, and a modest linker effect was observed
(C7 > C3 > triamine); mismatch compounds 39-41 were less active than their match mates.
The difference in activity between each match 28-30 and respective mismatch 39-41 was
greater than measured for VEGF regulation in U251 and LNCaP cells.

The activity of the oxime-li