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A Bis-Alkylating Triplex Forming Oligonucleotide Inhibits Intracellular Reporter
Gene Expression and Prevents Triplex Unwinding Due to Helicase Adtivity
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ABSTRACT. Triplex forming oligonucleotides (TFOs) have the ability to site specifically modulate gene
expression through the formation of triple helix DNA. The HER-2/neu promoter contains a strategically
located triplex target sequence, and has been successfully targeted in vitro, with little success in vivo. A
TFO was conjugated at both its&nd 3 ends to an alkylating agent (phenylacetate mustard) in an attempt

to stabilize the triple helix intracellularly. In vitro assays demonstrated that the bis-conjugate bound the
duplex and alkylated the target guanine residues with high efficiency. The bis-conjugate suppressed promoter
activity by 60-70% in cancer cells using a plasmid with a preformed triple helix, and the suppression
was minimal when the nitrogen mustard was conjugated at only one end. Helicase assays demonstrated
that helicase activity can unwind the TFO at the unalkylated end of the triple helix, which may leave the
unwound oligonucleotide susceptible to nuclease degradation or ineffective at inhibiting transcription
initiation. Our findings indicate that dual alkylation of the target sequence is required to suppress the
intracellular activity of a reporter plasmid with a preformed triple helix, likely due to greater stability of

the triple helix within cells and inhibition of helicase activity.

The use of triplex forming oligonucleotides (TFO%p

be a predictor of shortened survival timE)(-12). Current

regulate endogenous gene expression has been an importastrategies that target the HER-2/neu gene product suggest
but elusive goal for over a decade. This strategy utilizes TFOs that suppression of HER-2/neu expression may be of clinical

designed to recognize highly specific duplex DNA tracts
within a large heterogeneous DNA population. TFOs bind
site-specifically to purine/pyrimidine-rich DNA tracts through
Hoogsteen hydrogen bonds to form triple helix DNK 2).
The formation of an intermolecular triple helix can hinder
gene expression at the level of transcripti@h ¢r may be
used to introduce site-specific mutatiody (The use of TFOs

benefit in the treatment of cancek3 14). The HER-2/neu
gene contains two triplex target sites that have both been
successfully targeted in vitro. One site is located within the
coding sequence, and triplex formation at this site has been
shown to inhibit RNA polymerase elongatio8) (The other

site is located within the promoter region from basexl8

to —245 relative to the translation start site, and its location

to regulate gene expression at the transcriptional level hasbetween two important promoter regulatory regions imparts

the potential advantage of targeting a limited number of DNA

the potential for triplex formation to significantly modify

molecules and may be more efficient than strategies thatgene expression through inhibition of transcription initiation

target an amplified mMRNA or protein. Triplex target se-

(see Figure 1). The TFO may prevent binding of critical

guences have already been identified in a number of positive trans-acting factors that are important regulators of

important genes, such as c-myc, EGF-R, HIV-1, and HER-
2/neu 6—9). If successful, TFOs may represent therapeutic

promoter activity. Previous studies have demonstrated triplex
formation at the HER-2/neu promoter inhibits protein binding

agents to treat cancers or viral diseases that overexpresand transcription initiation in vitro, and can specifically

triplex target genes.

prevent binding of the transcription factor PU.1,esfamily

HER-2/neu is overexpressed in numerous types of humanmember, to its recognition sequence adjacent to the triplex
cancer, such as carcinomas of the breast and lung, and carfarget sequenced(15).
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While there have been numerous successes using triplex
technology to regulate gene expression in vitro, direct
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gene target and subsequent regulation of gene expression
have not yet been achieved. However, a number of recent
reports strongly imply triplex formation at the intended target
in living cells. For example, TFOs have been successfully
utilized to introduce site-specific DNA mutations in yeast,
mammalian cell culture, and the mouse geno#hd .6, 17).
Moreover, multiple reports indicate that plasmid DNA with

a preformed triple helix demonstrated triplex-specific inhibi-
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A HER-2/neu Promoter
Target Sequence
-244 & q -218 >
= cm@sAGAAGGAGGAGGTGGAGGAGGAG _-D
5! cCTCTT(:(:TE:E:TE:E:ACCTCCTCCTCCC@
-246 =217

GA25-bis-PAM PAM-3 ' GAGRAAGGAGGAGGTGGAGGAGGAGG—PAM

GA25-5'PAM hex-3 ' GAGAAGGAGGAGGTGGAGGAGG PAM

GA25-3'PAM PAM-3 ' GAGRA AGGTGGAG 3G

GA27-5'CHL hex-3'z GTGGAGGAGGAGG—CHL

> ATG=+1
™ TSS

@ target guanines
TATAA box =-201 to -205
CCAAT box = -249 to -253

GA28C 3'a

GAGGAGGG

B [ NH, | NH, C CL\CDJ _WN-'I'F'()
N?\'\__\ N N af o
\\
\ N N8—N-N Chlorambucil (CHL)
guanine ppG CTOA
N - N-TFO
CI_/\/ _mr

Phenyl acetate mustard (PAM)

Ficure 1: Triplex target and TFO componen{®) Schematic representation of the HER-2/neu promoter triplex target sequence. The
target sequence is a 28-bp purine/pyrimidine-rich tract located between the CCAAT and TATAA boxes. The numbering is based upon the
translation start site a1, with the primary transcription start site (TSS)-&t20. The TFO binding sequences and orientations are indicated
beneath the target sequence, and the guanine residues targeted for nitrogen mustard alkylation are circled. (B) Comparison of guanine and
a guanine analogue known as pyrazolopyrimidine guanine (PPG). (C) Chemical structures of the nitrogen mustards chlorambucil (CHL)
and phenylacetate mustard (PAM). The chloroethylamine groups responsible for N7 alkylation are highlighted.

tion of gene expression in transfected cancer c&Bs-@0). except near the triple helix20). Bifunctional nitrogen
One study demonstrated great potential for endogenous genenustards, such as chlorambucil, can form monoadducts with
targeting via TFOs by physically demonstrating that an individual guanines and cross-links at sites with adjacent
integrated HIV-1 proviral genome was accessible to triplex guanines. Interstrand cross-links are formed preferentially
formation by a TFO-psoralen conjugate in permeabilized at 5 GNC rather than '5GC sites, and are thought to be
tissue culture cellsXl), while another showed inhibition of  especially cytotoxic in vivo30—33). Although cross-links
ICAM-1 expression in living cells and used a novel method by TFO-nitrogen mustard conjugates would be expected at
to detect triplex formation at the endogenous gene ta@@et (  appropriate sites adjacent to the triple helix, nitrogen
One of the major problems with in vivo assessment of TFO- mustards tethered to a TFO form predominantly monoad-
mediated gene regulation is the delivery of the TFO to the ducts, and only trace amounts of cross-links have been
target gene within the cell. A number of significant cellular observed 4). Dual monoadducts by both chlorambucils in
barriers have limited the in vivo application of TFOs. For a bis-chlorambucil conjugate were needed to demonstrate
example, the cell membrane must be traversed, cytoplasmicTFO-directed cross-linking with this bifunctional nitrogen
compartmentalization and degradation must be avoided, andnustard 25). A HER-2/neu specific TFO conjugated at only
the target must be accessible within the structured chromatin.the 3 end to chlorambucil was capable of site-specific
Furthermore, displacement of the TFO by DNA processing binding and DNA alkylation, but the DNA alkylation directed
and repair enzymes must be prevented. Transfection of aby the monoconjugated TFO was a substrate for nucleotide
reporter gene bearing a preformed triple helix provides a excision repair (NER)35). This result was consistent with
simple method to study the stability of the triple helix in other reports that indicated that a single site of DNA damage
living cells and the effects of triplex formation on target gene directed by a TFO-psoralen conjugate was efficiently repaired
expression or replicatior2, 24). in cells while triplex-directed psoralen cross-links at both

In an attempt to prevent triplex displacement within cells, ends of the triple helix were no8§). It has also been recently
DNA reactive agents can be appended to the ends of TFOsdemonstrated that DNA distortion induced by the triple helix
Nitrogen mustards and other alkylating agents have previ- itself can be targeted by the NER pathway)( In addition,
ously been shown to stabilize TFO binding by covalently abasic sites created by the spontaneous depurination of
attaching the oligonucleotide to the DNA targ@56(28). alkylated guanines can be repaired by base excision repair
When conjugated to a TFO, nitrogen mustards were shown(BER), which has recently been implicated in the removal
to lack sufficient DNA binding affinity to alkylate DNA  of nitrogen mustard DNA adduct88—40). Although BER
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has not been studied in the context of TFO-nitrogen mustardga) and does not contain a triplex binding site. A renilla
conjugates, spontaneous depurination may occur rapidly withluciferase construct (pRL/SV40, Promega) was used as an
guanine monoadducts, whereas the spontaneous depurinatioimternal control for transfection efficiency.
of both guanines in a cross-link is much slower. In one study, Triplex Reactions and In Vitro Binding Studigsonde-
spontaneous depurination of nitrogen mustard monoadductsaturing EMSA analysis was performed as previously
alleviated blockage of RNA polymerase elongation in vitro described to determine the binding affinities of the TFOs
with a half-life of approximately 10 h, while transcriptional for the triplex target sequence. Since the conjugated TFOs
blockages were sustained at sites of interstrand cross-linkscan covalently react with the target site, it is not possible to
(42). calculate a true dissociation constant. The concentration at
The current study expanded upon our previous findings which the duplex target is 50% triple stranded was used to
to design a TFO that can form a more stable triple helix calculate the approximaty so that the relative binding
within cells. First, the TFO was conjugated to a nitrogen affinities of the TFOs could be compared4f. A 36-base
mustard (phenylacetate mustard, or PAM) with a greater half- pair end-labeled HER-2/neu duplex target sequence was
life in aqueous solution than chlorambucil (CHL2E}, incubated with increasing TFO concentrations atG7for
providing more time for the oligonucleotide to locate its 24 h. Triplex reactions were performed using Q.04 target
target before the alkylating agent is inactive. Second, thein 1x TBM (90 mM Tris pH 7.4, 90 mM borate, 10 mM
oligonucleotide was conjugated to PAM at both theaBd MgCly).
3 ends to allow covalent modification of both ends of the ~ Denaturing EMSA was performed to determine the percent
triplex target and potentially improve stability of the triple of covalent adducts formed by GA2bis-PAM. The 36-
helix intracellularly. In addition, modification of the nd base pair duplex target was end-labeled on the purine or
of the TFO would be expected to inhibit oligonucleotide Pyrimidine-rich strand and incubated with increasing TFO
degradation by exonuclease42( 43). Finally, the oligo- concentrations at 37C for 4 h. After triplex formation,
nucleotide was modified by substitution of guanine residues reactions were denatured in formamide loading buffer at 90
with the pyrazolo-pyrimidine analogue of guanine (PPG) to °C for 1 min and resolved on a 10% denaturing polyacry-
alleviate self-alkylation by the nitrogen-mustard and potas- lamide gel.
sium mediated inhibition of triplex formation by preventing ~ Piperidine cleavage was performed as described previously
self-association of the TFGB(29). (35). A 250-base pair Pstl/Xmal fragment of the pGL3/
Our current findings indicate that the bis-alkylating TFO HNP410 plasmid was used to generate four different end-
is superior to a previously studied chlorambucil monocon- 'abeled templates,’ versus 3end top strand labeled, and
jugate in its ability to suppress the activity of a reporter 5 vs 3 end bot_tom str_and labeled. Triplex formation was
plasmid with a preformed triple helix. Suppression is Performed by incubating 0.0a%M of labeled promoter
maximal when phenylacetate mustard is conjugated to bothfragment with 1M TFO in a final volume of 1QuL 1x
ends instead of only one end due to greater retention of the 1 BM, which results in 100% triplex formation as determined
triple helix within cells and inhibition of helicase and bPY EMSA analysis. Triplex mixtures were incubated at 37

nuclease activities. °C for the times indicated. Reactions without TFO were
performed to rule out nonspecific cleavage of the radiolabeled
EXPERIMENTAL PROCEDURES template by piperidine. MaxanGilbert G-reactions were
performed to identify alkylated guanine residuds)(
Oligonucleotide Synthesi¢Jnmodified oligonucleotides Transient Transfection Analysigriplex formation was

(ODN) were purchased from commercial sources and puri- induced by incubating 0.02M HER-2/neu promoter lu-
fied by denaturing polyacrylamide gel electrophoresis (PAGE) ciferase plasmid (pGL3/HNP410) in the presence oi\2
(see Figure 1C for sequence information). The ODN TFO for 4 h at 37°C in 1x TBM. Unbound TFO was
conjugates were synthesized by Epoch Biosciences (Bothell,removed using a & TBM equilibrated Chromaspin-100
WA) as previously described6). Conjugates were stored  column (Clontech) prior to transfection. HeLa, NCI-H23, and
in aliquots at—80 °C and thawed on ice. Guanine residues NCI-H522 cells were obtained from the American Type
in all PAM-conjugated TFOs were substituted with a guanine Culture Collection (ATCC). XP12BE cells were obtained
analogue (PPG) (Figure 1B). The purine-rich TFOs were from the Corriell Cell Repository. Cells were cultured as
designed to bind antiparallel to the purine target strand, andrecommended by the suppliers. A total ofi@ of the triple
are either unconjugated (GA28C), conjugated at one end tohelix containing plasmids and 20 ng of the internal control
either chlorambucil or phenylacetate mustard (GA37  plasmid (pRL/SV40) were transfected via TransIT-LT1
CHL; GA25-5 PAM; GA25-3 PAM), or at both ends  (Mirus; Madison, WI) into 12-well dishes containing the cell
(GA25-bis-PAM). In the absence of & 8onjugate, the Jines in log phase. After transfection, cells were washed twice
ODNs were capped with & Bexanol moiety to help prevent  in phosphate buffered saline and lysed in fiassive lysis
exonuclease degradation. buffer (Promega). Cell lysates were then analyzed for
Plasmid ConstructsThe construct pGL3/HNP410 contains luciferase activity and normalized for transfection efficiency
the HER-2/neu promoter from baset10 to+1 relative to using Promega’s Dual Luciferase assay. All experiments
the translation start site ligated into the Xhol and Ncol sites were repeated three times in duplicate wells. Luciferase
of pGL3 basic (Promega). The location of the HER-2/neu activity from plasmid without TFO treatment was designated
promoter triplex target sequence in its native promoter as 100% promoter activity.
position is maintained at 245 to—218. The negative control Southern Blot Protection Assa# total of 5ug of triplex
plasmid used in transfection analysis contained the SV40 containing plasmid (pGL3/HNP410) was transfected into Six-
promoter driving luciferase expression (pGL3/SV40, Prome- well dishes. Cells were harvested at the specified time post-
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transfection, and plasmids were isolated using the Wizard TFOs and Triplex Target Sequence€he HER-2/neu
genomic DNA isolation kit (Promega). The DNA was BseRIl promoter triplex target sequence is illustrated in Figure 1A.
digested, then isolated on a 1% agarose gel and transferredt is a 28-base pair purine/pyrimidine-rich tract juxtaposed
to nylon membrane. A 300-bp Pstl/Apal fragment of the between two important core promoter regulatory elements,
HER-2/neu promoter was internally radiolabeled by random the CCAAT (—249 to—253) and TATAA (—201 to—205)
priming and used for membrane probing by standard high boxes. The sequences and binding orientations of the TFOs
stringency Southern analysid5). Protection from BseRl  and locations of the nitrogen-mustard conjugates are denoted
digestion due to triplex formation was quantitated by Eagle- beneath the target sequence. The TFOs are purine-rich and
Eye densitometry analysis. BseRI fragments of the endog-bind antiparallel to the purine strand of the duplex target.
enous (genomic) HER-2/neu promoter differ in size from The HER-2/neu specific TFOs GA2%' PAM and GA25-

the BseRlI fragments of the pGL3/HNP410 plasmid and are 3' PAM were conjugated at only one end to PAM (referred
not detected under the conditions employed in this assay.to as monoconjugates), while GA2bis-PAM was conju-

Helicase StudiedHelicase unwinding of triplex DNAwas ~ 9ated at both ends (bis-conjugate). THeTbO conjugates
performed as previously described with slight modifications have a hexanol residue on thieedid to prevent intracellular
(46). The HER-2/neu promoter was synthesized as a tailed degradation due to @xonuclease activity. Guanine residues
duplex with a 5 thymine rich overhang to generate the in the PAM-conjugated TFOs were substituted with a
loading strand while limiting secondary structure formation. Pyrazolopyrimidine analogue of guanine (PPG) to reduce the
The tailed duplexes were end-labeled on the loading strandpPotential for TFO self-alkylation and self-association (Figure
using T4 polynucleotide kinase and PAGE purified. Triplex 1B).
reactions were performed in the standartd TBM buffer Figure 1C illustrates the structures of the nitrogen mustard
for 4 h prior to incubation with Dda helicase for 15 min. conjugates, chlorambucil (CHL) and phenylacetate mustard
Recombinant T4 Dda helicase was prepared as previously(PAM). PAM is a bifunctional nitrogen mustard composed
described47, 48). Triplex reactions (1 nM) were incubated  Of two chloroethylamine groups attached to phenylacetic acid,
with helicase in the recommended unwinding buffer plus a While the chloroethylamine groups of chlorambucil are
10-fold excess of unlabeled loading strand to prevent strandattached to benzene butanoic acid. The chloroethylamine
reassociation. Reactions were terminated by adding glycerolgroups (highlighted) of the nitrogen mustard spontaneously

loading buffer and loaded immediately on a native 16% 1  form highly reactive aziridinium ion intermediates in agueous
TBM—PAGE gel. solution. This intermediate can then interact with nearby

Nuclease Sensiity Assays HeLa whole cell extracts nucleophiles, such as the N7 of guanine, to covalently

(WCE) were isolated as describet®), A total of 1M TFO alkylate DNA. In the absence of a nearby nucleophile, the
was incubated with 109 of HeLa WCE in a final reaction highly reactive aziridinium intermediate can also react with

volume of 10uL 1x PBS. In the cell culture media study, WVater: resulting in hydrolysis and inactivation of the reactive
1 uM specified TFO was incubated in 16 of RPMI + " group. The shorter acetic acid group on PAM slows the
10% EBS for the time indicated. Reactions were frozen formation of the aziridinium ion intermediate and imparts a
immediately at—80 °C until thawed in formamide loading longer half-life in aqueous solution than chlorambucil (57
buffer and heated to 98C for 2 min before loading on a  VErsus 27 min)26). _ o

16% denaturing PAGE gel. Oligonucleotides with free 5 N Vitro TFO Binding and Alkylation Efficienciesion-
ends (GA28C and GA253 PAM) were end-labeled with denaturing electrophoretic mobility shift analysis (EMSA)

yATP using T4 PNK prior to incubation with media or WCE.  Was performed to determine the binding affinities of the
Those oligonucleotides with modified Bnds (GA25-5' TFOs for the duplex DNA target sequence. A representative

PAM and GA25-bis-PAM) were incubated with media or EMSA is illustrated in Figure 2A with increasing concentra-

WCE, and were detected after electrophoresis by transfer
onto positively charged nylon membranes and probed with

an end-labeled complementary oligonucleotide using standarc?P

Southern blot methodgt).

RESULTS

We have previously described the site-specific binding and
alkylation at the HER-2/neu promoter triplex target site by
a TFO conjugated to chlorambucil at theehd @5). Despite
the ability of this TFO to efficiently bind and alkylate the
triplex target sequence in vitro, it was not capable of
inhibiting HER-2/neu transcription in mammalian cancer
cells using a reporter plasmid with a preformed triple helix

tions of the bis-conjugate (GA2%is-PAM) incubated with
double-stranded (ds) promoter target (0¥), and the
proximate dissociation constants for all TFOs are given
in Table 1. TheKy of the unconjugated TFO (GA28C) was
0.015u4M and did not significantly change regardless of the
number or location of the nitrogen-mustard conjugates or
by shortening the TFO by -13 nucleotides for optimal
placement of the nitrogen mustard relative to its target
guanine base. The binding of the bis-conjugate TFO was
nearly maximal 84 h with an approximat&y of 0.025xM,
compared to 0.02@M for prolonged incubation.

Alkylation efficiency at each target guanine was deter-
mined by piperidine cleavage analysis. Sites of TFO-directed
alkylation can be visualized by converting guanine adducts

in transient transfection assays. In the current study, TFOsto single-strand DNA breaks via piperidine and heat, and a
were conjugated to nitrogen mustards at both ends in ancomparison of full-length template versus cleavage products
attempt to stabilize triplex formation by introducing dual can be used to determine the amount of site-specific
covalent adducts. This bis-conjugate was compared to TFOsalkylation. Figure 2B illustrates representative piperidine
of identical sequence conjugated at only tHeob 3 end cleavage experiments with the bis-conjugate when the
(monoconjugates), as well as the unconjugated TFO and thepromoter template is labeled at theehd of the top strand

5" chlorambucil conjugated TFO. (lanes 1-6), versus the'3nd of the top strand (lanes-12).
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A. Native EMSA B. Piperidine Cleavage

UM GA25-bis-PAM 244 HER-2/neu target g

ds | 0.01 005 0.1 025 05| T T YTRR—————CY
(I3TCCTCTTCCTCCTCCRCCTCCTCCTCC
- - - - 2 27
Time(hr) G 0.5 1 2 --4-- Go0os51 2 -—-4---
e UM TFO 10 el 0 rXn -—----l--e-e- 0

C. Denaturing EMSA
*32P-purine strand  *32P-pyrimdidine strand

r-—ﬂ-‘“

UM TFO 0 0.1 1 10 100 001 1 10 100
SS ds ss ds i
inter e -
o — ————
intra r—— -244
Mas R G ——— 244

Q- -218

1 2 3 45 6 7 8 91011 12 Lane

Ficure 2: In vitro binding and alkylation efficiencies. (A) Representative native EMSA using the bis-conjugate TFO. (B) Representative
piperidine cleavage gels demonstrating bis-conjugate TFO alkylation. The template in gel 1 was labeled endhef $he top strand to

detect G-244 alkylation. The template in gel 2 was labeled on ‘tlem@ of the top strand to detect G-218 alkylation. Lanes 1 and 7 are
HER-2/neu promoter Maxim-Gilbert G-reactions used to identify cleaved guanine residues. Edhan®8-11 are templates incubated

with 1 uM TFO for increasing amounts of time. Lanes 6 and 12 are control templates without TFO. (C) Denautring EMSA demonstrating
ability of bis-conjugate TFO to cross-link the duplex target sequence.

nitrogen mustard lacks sufficient DNA binding affinity to

Table 1: Summary of in Vitro TFO Binding Properties 3 h h
alkylate DNA except near the triple heli29). Alkylation

-link . . .
target bases w was maximal 84 h (approximately four half-lives of PAM),
Intra- inter- : H
TFO Kq (uM) —217 —218 —244 —246 strand strand and reactions allowed to proceed for 24 h showed little

further alkylation of the target guanines. On the basis of
the EMSA and piperidine cleavage results, triplex reactions
for the remainder of the experiments were incubated for
4 h.

Denaturing EMSA was performed to estimate the ef-
ficiency of cross-link formation by the bis-conjugate (Figure
The alkylation efficiency of the dual alkylating bis-conjugate 2C)- Since the bis-conjugate has a bifunctional nitrogen
can only be measured at the target guanine closest to thenustard at both ends of the TFO, interstrand cross-links could
labeled end of the probe. Alkylation at G-244 (lane 5) and form at G-217/G-218 or G-217/G-244 and an intrastrand

G-218 (lane 11) were both approximately 70% maximally. cross-link could form at G-218/G-244, since alkylation at
Alkylation of at least one of the two top strand target G-246 is negligible. Interstrand cross-links (XLs) are identi-
guanines was 96100%, as indicated by the near absence fied in the EMSA illustrated in Figure 2C as the two
of full-length probe over time. Piperidine cleavage assays complexes of slowest mobility, with identical complexes
with the bottom (pyrimidine) strand labeled showed that regardless whether the duplex is labeled on the purine and
alkylation at G-217 was maximal at 25%, while G-246 pyrimidine strand. Individual monoadducts are the complexes
alkylation levels were less than 5%. There was no alkylation with the most rapid mobility, and the intrastrand cross-link
detected at nontarget guanines, supporting the previousyields a complex of intermediate mobility for the purine
observation that when tethered to an oligonucleotide, the strand only. Interstrand cross-links formed inefficiently

GA25—bis-PAM 0.020 25 70 70 <5 30 10
GA25-5 PAM  0.010 25 70 N/A  N/A
GA25-3' PAM  0.010 N/A N/A 70 0

GA27-5CHL 0.012 O 70 N/A  N/A
GA28C 0.015 N/A N/A N/A N/A

aND = not determined, NA= not applicable.

N/A
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(10%), while intrastrand cross-link formation on the purine
strand occurred in 30% of the triple helix formed by GA25
bis-PAM. These data are in general agreement with previous
observations that interstrand cross-links by TFO-nitrogen
mustard conjugates are much less efficient than monoadducts,
even if an appropriate cross-link target is adjacent to the triple
helix (26). On the basis of the alkylation efficiency at each
guanine by piperidine cleavage analysis, cross-link efficiency
appears to be lower than expected by the denaturing EMSA.
Intrastrand cross-links are predicted to occur at a rate of
approximately 50%, the product of 70% alkylation at each

guanine, based on the piperidine cleavage assay. GA25- GA25-  GA25-  GA27-

Table 1 summarizes the in vitro binding properties of the bis-PAM 5PAM  3PAM  5chl
TFO-nitrogen mustard conjugates. The monoconjugates
alkylated the individual target guanines with approximately B
the same efficiency as the bis-conjugate. The in vitro binding
studies demonstrate the potential for the bis-conjugate to
improve triple helix stability intracellularly due to its ability
to alkylate at least one target guanine with nearly 100%
efficiency and to introduce intra- or interstrand cross-links
with at least 40% efficiency.

Inhibition of Plasmid-Directed HER/Beu Promoter Ac-
tizity Intracellularly. Transfection analysis with a preformed
triple helix was performed to determine whether the TFO
would be capable of inhibiting HER-2/neu promoter activity = [ Ll [l B 18 _ N
intracellularly (Figure 3). To evaluate the role of single versus GA25-  5asgc  GA25- GA28C
dual alkylation, the bis-conjugate and otherwise identital 5 bis-PAM bis-PAM
and 3 monoconjugates were evaluated. Three different cell Ficure 3: Transient transfection analysis. (A) A HER-2/neu

lines were tested that arise from different tissue sources ancpromoter driven luciferase plasmid was incubated with the indicated
. TFOs and transfected into HeLa, NE&H23, or NCHH522 cells.
express HER-2/neu at different levels from a normal copy Cells were analyzed for luciferase activity after 24 h. Untreated

number of the HER-2/neu gene. Hela cells are human piasmid was defined as 100% promoter activity, and treatments
cervical cancer cells with low HER-2/neu expression. NCl  are given as a percentage of full promoter activity. Experiments
H23 are nonsmall cell lung cancer cells (NSCLC) thal oviaton are depicted (B) Tme course analysis demonstiaing the
i eviati .
ﬁ;;phrs,ssvlg:g(%\izlsssogE::Eq.Rz_/i/gflé,uvgtlgetgﬁgzl_r%tli\iﬂ?zaitiva- effects of GA?gbis-PAM and GA28C (neygative control) 0?1
. . . - promoter activity up to 72 h.
tion (50). Triplex formation took place on a supercoiled
plasmid containing the HER-2/neu promoter driving expres-  To determine triplex stability over time, cells were
sion of a luciferase reporter gene (pGL3/HNP410). Uncon- analyzed for HER-2/neu promoter activity 24, 48, and 72 h
jugated GA28C and GA275'CHL were unable to inhibit  post-transfection with triple-helix containing plasmids (Figure
promoter activity in any cell line, even though the concentra- 3B). The unconjugated TFO (GA28C) had no effect on
tions tested were known to bind (unconjugated) and alkylate promoter activity at any time point and was used as a
(monoconjugated) the triplex target efficiently in vitro. The negative control. In both NSCLC cell lines, the bis-conjugate
bis-conjugated TFO was able to suppress promoter activity suppressed promoter activity by approximately 60% at 24
in all three cell lines by 6670%. In contrast, both mono-  h, 50% at 48 h, and 30% at 72 h, suggesting the removal of
conjugates were capable of suppressing HER-2/neu promotethe triple helix over time. In the above studies, only the bis-
activity by only approximately 20%. These studies were done conjugate was capable of significantly suppressing HER-2/
with 2 uM TFO, representing a 100-fold molar excess to neu promoter activity, indicating that alkylation at both ends
the concentration of the target plasmid, to drive rapid triplex of the triple helix may be required to stabilize the triple helix
formation for maximal alkylation efficiency. In addition, intracellularly or that alkylation at both ends of the triple
triplex formation with 0.2uM of the bis-conjugate, repre-  helix is required to effectively prevent transcription factor
senting a 10-fold molar excess of TFO to plasmid DNA, binding and transcription initiation.
suppressed promoter activity by approximately 50%. In Intracellular Retention of Preformed Bis-Adduct Triple
piperidine cleavage assays, the lower concentration of Helix. In an attempt to determine if dual alkylation stabilizes
GA25-his-PAM had a slightly lower alkylation efficiency  the triple helix in cells, a restriction enzyme protection assay
(data not shown). An SV40 driven luciferase construct (no was used to determine the amount of triple helix retained
TFO target sequence) treated with the same oligonucleotidesafter plasmid transfection into HelLa cells (Figure 4). The
showed no effect on luciferase expression, demonstrating theHER-2/neu promoter contains three sites for cleavage with
specificity for HER-2/neu promoter suppression. Interest- the restriction enzyme BseRI within the triplex target
ingly, the level of promoter suppression by the bis-conjugate sequence. There are also sites 3400 bp upstream of the triplex
did not appear to depend on cell type or the level of target and 800 bp downstream in the pGL3 vector. In the
endogenous HER-2/neu expression. absence of triplex formation, BseRI digestion will result in
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Ficure 4: Intracellular retention of triple helix containing plasmids as determined by Southern blot assays. (A) Schematic of the HER-
2/neu promoter indicating BseRl restriction sites. In the absence of TFO (-TFO) 2 restriction fragments are obtained, while if triple helix
is present + TFO), one 4200-bp fragment is obtained. (B) Demonstration of triplex containing plasmids and their susceptibility to BseRI
digestion in vitro and after transfection into HelLa cells (top panel) or XP12BE cells (bottom pareB@M, GA = GA28C). Plasmid

DNA was recovered 2472 h post-transfection for Southern blot analysis. (C) Percent of triple helix retained as determined by restriction
enzyme protection and Southern blot assays in NER competent (HeLa) versus NER-deficient (XP12BE) human cancer cells.

two fragments of 3400 and 800 bp pairs; however, triplex intracellular stability compared to thé Gnjugate, which is
formation can block the BseRI recognition sites within the capable of forming only a single adduct with a guanine on
triplex target, resulting in a single fragment of 4200 base the purine rich strand. The unconjugated TFO was com-
pairs. These fragments can be detected and quantified bypletely removed intracellularly by 24 h.
Southern blot analysis with a probe for the HER-2/neu
promoter (Figure 4A).

Prior to transfection, all TFOs protected-9500% of the

Previous studies using in vitro repair assays demonstrated
that GA27-5'CHL induced guanine adducts were substrates

. s Lo : for nucleotide excision repair (NERBS). Triplex-directed
internal Bse'RI restriction sites in vitro (Figure 4B). These. DNA adducts have previously been shown to be substrates
same plasmids were transfected into HelLa cells, and plasm|d]c o e )

DNA was isolated at 24, 48, and 72 h intervals for BseRI or th_e_ more specific transcription coupled repair (TCR)’. a
digestion and Southern analysis (Figure 4B, top panel). TheSloecnclc type of NER17). However, becagse the predqm|-
triple helix formed by the bis-conjugate was very stable in nant ?ddUCtS formed by the TRPAM conjugates are with .
Hela cells, and the majority of this triplex was retained even guanines on the nontemplqte strgnd upstream of the major
after 72 h with very little loss. The triple helices formed by transcription start site, it is unlikely that TCR plays a
the monoconjugates were less stable in HeLa cells and weres'dnificant role in removal of these adducts. To determine
partially removed over time. Approximately 50% of the triple  the effects of NER on the PAM-stabilized triple helices,
helix formed by the 5monoconjugate was removed after intracellular triple helix retention levels were comp_ar_ed
72 h. This triple helix was more stable than the triple helix between NER competent Hela cells and NER-deficient
formed by the 3monoconjugate, and the majority (65%) of XP12BE cells (Figure 4B, bottom panel). Interestingly, there
the latter triplex was lost after 72 h in HeLa cells. Itis likely ~Was a similar trend in the intracellular retention of the PAM-
that the ability of the SPAM conjugate to form an additional ~ Stabilized triple helices in NER-proficient versus deficient
adduct with a guanine (G-217) on the pyrimidine-rich strand cells over 72 h, indicating that NER is not the only process
(25% alkylation efficiency, see Figure 2) and an interstrand that can remove the triple helix and guanine adducts
cross-link, albeit inefficiently (G-217/G-218 interstrand cross- intracellularly, and suggesting a possible role for depurination
links are estimated to occur in at least 5% of the triplexes and BER in the removal of the guanine adducts in both cell
by denaturing EMSA, not shown), accounts for the greater types.
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Ficure 5: Triple-helix susceptibility to helicase activity. (A) Upper schematic demonstrates the duplex target sequence. The purine-rich
promoter strand has a single-stranded overhang for helicase binding, and is termed the loading strand. The target sequence was indicated
in Figure 1. The alkylation sites for thé BAM versus the 3PAM conjugates are noted, as the TFO binds antiparallel to the purine strand.

In the helicase assays with various TFOs, the triple-stranded DNA was either untreated (ts), incubated in unwinding buffer without helicase
(—), or incubated with increasing concentrations of helicase (open triangle) from 0.2 to 20 nM. Double-stranded (ds) and single-stranded
(ss) DNA mobilities are indicated. (B) Schematic of the target sequence, and representative helicase assays using the pyrimidine-rich strand
as the helicase loading strand, and the purine-rich strand as the radiolabeled strand. The helicase dissociation product likely representing
the purine-rich strands of the duplex and the covalently bound TFO (arrow) is discussed in the text.

It is also important to note that the majority of triple helices vitro. T4 Dda helicase is d T 3 helicase that is homologous
formed by both the'sand the 3PAM conjugates are retained to human DNA helicase B, which is believed to be required
at 24 h (85 and 60%, respectively), a time point at which for human chromosomal DNA replicatiod{, 56). Dda is
triple helix formation by the monoconjugates shows only known to be capable of efficiently unwinding a triple helix,
minimal suppression of HER-2/neu driven luciferase activity. can readily displace streptavidin from a biotinylated oligo
To explain this dichotomy, we hypothesize that the triple at rates much faster than other helicases, and was selected
helices formed by the monoconjugates are more susceptibleto provide a stringent test of the stability of the covalently
to helicase unwinding, even though they are mostly retainedbound TFOs 46, 57).
within cells as indicated by the Southern blot assay. Helicase Most helicases initiate unwinding in vitro at a region of
activity may unwind the triple helix up to the point of DNA  single-stranded DNA adjacent to the duplex DNgYY, For
alkylation without removing the guanine adduct, resulting these studies, tailed duplexes containing a&rhang were
in the TFO remaining attached to the plasmid only by the employed, and the strand containing the overhang is referred
covalent adduct but incapable of preventing HER-2/neu to as the loading strand while the complementary strand is
transcription in cells. referred to as the displaced strand (see sequences in Figure

In Vitro Helicase SusceptibilityTriplex formation with 5). Figure 5A illustrates EMSAs following treatment of
the bis-conjugate may suppress promoter activity by inhibit- various triple helices with Dda helicase when the purine-
ing common intracellular enzymatic activities that act on rich strand is the loading and radiolabeled strand. The
DNA, such as helicase unwinding and nuclease degradationnoncovalent triple helix with GA28C was efficiently con-
DNA helicases from a variety of sources have generally beenverted entirely to single-stranded DNA by increasing con-
shown to unwind triplex DNA, although unwinding by SV40 centrations of Dda helicase. The triple helix with dual
large T antigen has been able to unwind and be inhibited by covalent adducts with GA25bis-PAM showed the greatest
a triple helix @6, 51-55). To evaluate the ability of the  stability with 92 to 85% retention levels over increasing
TFO—PAM conjugates to prevent DNA unwinding, T4 Dda helicase concentrations, and the predominant dissociation
helicase was used to unwind the HER-2/neu promoter in product was single-stranded DNA. The triple helices with
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single covalent adducts formed by GA25 PAM or alkylation efficiency of 96-100% of at least one of the target
GA25—-3 PAM were more susceptible to dissociation by guanines. These data indicate that the covalent TFO-guanine
recombinant helicase. At the highest helicase concentrationadducts are capable of blocking Dda helicase translocation;
(20 nM), 60% of the triple helix formed by GA253' PAM however, a TFO covalently bound at only one end of the
remained, again converted entirely to single-stranded DNA. triple helix may be unwound up to the point of the adduct.
Only 25% of the triple helix formed by GA255' PAM In these studies, we only evaluatéd®3 helicase activity;
remained after treating with the highest helicase concentra-it is likely that the triple helix formed by the'3PAM
tion, with 30—40% of the triple helix converted to single- conjugate would be similarly unwound byt® 5 helicases.
stranded DNA and 40% to an intermediate complex of The ability of the bis-conjugate to resist helicase unwinding
similar mobility as double-stranded DNA (noted by the may account for the improved stability of the bis-conjugated
arrow). Time course analysis (not shown) indicated that triple helix in cells and its ability to suppress HER-2/neu
unwinding of the various triple helices did not change over promoter activity.
prolonged incubation with the helicase protein (5 minto 1  Nuclease Sensility of TFO ConjugatesSince a TFO
h), indicating that maximal unwinding occurs rapidly. covalently bound at only one end of the triple helix may be
Overall, the stability of the triple helices té ® 3 helicase unwound up to the point of the adduct, this may expose the
activity was bis-PAM> 3' PAM > 5 PAM > GA28C. free end of the TFO to nuclease degradation. Therefore, the
The intermediate complex formed after helicase unwinding TFOs were exposed to the nucleases present in the cell
of the triple helix formed by GA255 PAM (denoted by culture model, namely, those found in serum and cellular
arrow) was isolated from the gel and subjected to piperidine protein extracts. TFOs with fre€ 8nds were end-labeled
cleavage, and was 95% cleavable with piperidine (not (Figure 6A), while those with '5end modifications were
shown). Piperidine susceptibility and the size of the cleaved transferred to nylon membrane for complementary oligo-
fragment indicates the persistence of the guanine adduct (omucleotide probing (Figure 6B) after they were exposed to
an abasic site) at the site of alkylation (G-218) on the purine- HeLa whole cell extracts (WCE). Figure 6C is a graphical
rich loading strand. In contrast, the single-stranded DNA representation of the percent of full-length TFO over time
fragment was not susceptible to piperidine cleavage. Thus,in HeLa WCE, and panel D represents TFO half-lives in
helicase activity dissociated the triple helix into the single- both HeLa WCE and cell culture media with 10% serum.
stranded displaced strand (pyrimidine rich) in the absence The unmodified TFO (GA28C) was rapidly degraded, with
of a covalent adduct, since in all instances the amount of a half-life of 20 min in HeLa WCE and 30 min in serum-
single-stranded DNA resulting from helicase unwinding is containing culture media. The bis-PAM andRAM TFOs
proportionate to the amount of unalkylated DNA as deter- were equally stable when exposed to both sources of
mined in piperidine cleavage assays. Helicase activity was nucleases, with half-livesf@ h in HeLa WCE and 24 h in
able to dissociate the displaced strand but not the covalentlyserum-containing culture media, while thePAM TFO was
bound 5 conjugate from the loading (purine rich) strand, slightly less stable against both sources of nuclease activity.
which accounts for the piperidine susceptibility of the The 3 PAM conjugate is modified with hexanol at thé 3
intermediate complex (TFO plus loading strand). end to help prevent' 2o 5 exonuclease activity. These data
The apparent greater stability of the ®njugate versus indicate a PAM conjugate at théénd of the oligonucleotide
the 8 conjugate against helicase activity translocating from is a slightly better inhibitor of 3exonuclease activity than
the B end of the target may be explained by the amount of the 3 hexanol derivative. These data are also in agreement
double-stranded DNA distal ((Bto the covalent adduct (see with previous observations that suggest that the predominant
Figure 5A schematic). In the case of theFAM TFO, the nuclease activity that degrades oligonucleotides in the cell
Dda helicase may unwind the duplex up to the point of the culture model is 3to 5 exonuclease activity that can be
proximal covalent adduct which prevents furthért® 3 largely prevented by modification of the' &nd of the
helicase translocation, and the long (30 base pair) region ofoligonucleotide %8)
downstream DNA remains associated. In contrast, in the case
of the 3 PAM TFO, helicase can unwind the duplex and DISCUSSION
triplex up to the point of the downstream covalent guanine  This study describes the effective inhibition of HER-2/
adduct, which leaves only four base pairs of duplex DNA neu promoter expression by a TFO conjugated at both ends
associated, and this unstable short duplex dissociates intcto a DNA alkylating agent using a model system with a triple
the loading strand plus TFO intermediate (arrow) and helix formed on a plasmid. We systematically demonstrated
unlabeled displaced strand. the requirements for triplex formation and retention on a
When the pyrimidine strand was used as the loading strandtarget sequence in plasmid DNA both in vitro and in cell
(Figure 5B), nearly all of the triple helices formed by the culture. Table 2 summarizes the in vitro and intracellular
PAM conjugates were converted to the TFO-purine strand effects of the various TFOs to compare the ability of the
covalent complex (arrow) and single-stranded DNA, and the TFOs to suppress promoter activity in cells with the TFO
relative amount of each is again proportionate to alkylation alkylation efficiency, intracellular retention of the triple helix,
efficiency. A small amount of triple helix remains associated and stability against helicase and nuclease activity. The bis-
in the case of the’'3?AM and bis-PAM triple helices (25%), conjugate was the only TFO that significantly inhibited HER-
proportionate to the amount of alkylation observed at G-217 2/neu promoter activity. The decrease in reporter gene
on the pyrimidine-rich strand in the piperidine cleavage expression may reflect the approximate proportion of the
assays. triplex targets that contains interstrand and intrastrand cross-
The greater stability against helicase activity of the triple links. Intrastrand cross-links were demonstrated to occur on
helix formed by the bis-conjugate reflects its overall higher approximately 10% of the target sequences, and intrastrand
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Ficure 6: Nuclease sensitivity of TFOs. End-labeled TFOs (A) or unlabeled TFOs detected with a radiolabeled complementary oligonucleotide
(B) were incubated with 1xg of HeLa whole cell extracts for increasing time points. (C) Graphical representation of the percent of

full-length TFO over time of incubation with HeLa whole cell extracts. (D) Table indicates TFO half-lives in cell extracts and cell culture
media.

Table 2: Summary of in Vitro and Intracellular Activities of TFOs

% alkylation promoter intracellular helicase nuclease
TFO mono dual total suppression (%) retention (%) susceptibility susceptibility
GA25-bis-PAM 70 50 100 65 95 + +
GA25-5 PAM 70 NA 70 20 85 +++ ++
GA25-3 PAM 70 NA 70 20 60 ++ +
GA27-5 chl 70 NA 70 10 ND ND ND
GA28C NA NA NA 0 0 ++++ ++++

a Susceptibility scale ranges from low-) to high (+++++). ND = not determined, NA= not applicable.

cross-links were found in 3050% of the targets (depending agents that undergo hybridization triggered DNA adduct
on methodology), numerically similar to the approximately formation to improve adduct formation in cells, such as
60% suppression of reporter gene expression observed forcyclopropapyrroloindole (CPIBQ) or pyrrolo-1,4-benzodi-
the bis-conjugate. Thus, inhibition of gene expression by azepine (PBD) reactive moieties (unpublished observations)
triplex-directed covalent adduct formation with the target (60, 61).

sequence is greatly enhanced by a TFO capable of forming One likely reason that the bis-conjugate significantly
cross-links compared to only monoadducts. The triple helix suppressed promoter activity is due to its ability to inhibit
formed by the bis-conjugate appeared highly stable within helicase activity. It was previously shown that Dda helicase
cells, and was not susceptible to helicase unwinding. The unwound triplex DNA with an efficiency comparable to that
presence of a '3terminus modification with PAM also  of double-stranded DNA4E). Dda and other helicases can
prevented nuclease degradation of the TFO. The triplexesdissociate streptavidin from a biotinylated oligonucleotide,
formed by the mono-PAM conjugates had a minimal effect indicating that as the enzyme translocates down the DNA it
on promoter activity, were less stable in cells, and were imparts a force on molecules blocking its patv,(62).
removed by helicase proportionate to the amount of unalky- Although the only helicase used in this study unwinds DNA
lated DNA. We believe these studies demonstrate that TFOswith a 5 to 3 directionality, a 3to 5 helicase has also been
conjugated at both the and 3 ends with alkylating agents  similarly shown to displace streptavidin from a biotinylated
will be superior to unconjugated or monoconjugated TFOs DNA substrate §3). Therefore, it is unlikely that an

in the regulation of gene expression. This conclusion is in unmodified triple helix will efficiently inhibit common
accordance with data demonstrating that a TFO conjugatedintracellular enzyme complexes that involve helicase un-
to psoralen on both ends was also less efficiently repairedwinding, such as RNA and DNA polymerase complexes, and
within cells compared to a single adduc®6). Higher DNA repair complexes. Agents that covalently modify the
efficiency may be attained with other novel DNA binding loading strand of duplex DNA, such as the antitumor drug
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CC-1065, can inhibit helicase unwindingd. Similarly, we without the need to overcome the substantial cellular barriers
have previously demonstrated that to prevent RNA poly- that limit triple helix formation at endogenous gene targets.
merase elongation through the HER-2/neu coding sequencePresently, inefficient TFO delivery limits the ability to assess
covalent modification of the template strand is requit®d (  the effects of triplex formation and triplex directed covalent
Our present findings seem to indicate that DNA helicases adduct formation on endogenous gene expression. Indeed,
can unwind the triple helix up to the point of the covalent one recent report demonstrated that cationic lipid delivery
adduct, so that covalent modification at one end of the triple of an *>labeled TFO with or without a nuclear localization
helix will remain susceptible to unwinding by a helicase that signal induced the intended double stand breaks in the target
traverses through the noncovalently attached end. Covalentmdrl gene with<5% efficiency {1). Endogenous targets
modification at both ends of the triple helix will be needed in digitonin permeabilized cells and isolated nuclei have been
to stabilize the triple helix and reliably prevent helicases from successfully targeted by TFOs; however, neither method
unwinding the triple helix in cells. allowed assessment of target gene expression |eX&Ig2).

Regardless of TFO design, a-600% decrease may be Recently, Besch et al. demonstrated inhibition of ICAM-1
the maximal promoter suppression attainable by targeting expression in living cells and used a novel method to detect
this region of the HER-2/neu promoter. Previous HER-2/ triplex formation at the endogenous gene targ2p);(
neu promoter studies indicated that mutating bases adjacenhowever, the method of detecting triplex formation did not
to the triplex target inhibited binding of aisfamily member allow for quantitation of target site binding by the TFO. The
(PU.1) and subsequently decreased promoter activity by atpresent studies underscore the continued need for an efficient
least 60% 65). Even if triplex formation occurs efficiently — method of TFO delivery that results in adequate concentra-
at this target sequence, there may be alternative mechanismgons of TFO that is freely available in the nucleus to bind
of promoter regulation that allows for gene expression. to the endogenous gene target.
Transcription initiation in the HER-2/neu promoter can be  Gene targeted therapeutics remains appealing due to the
controlled independently at two separate regions, one within limited number of DNA targets within a cell and the potential
the triplex target at an initiator-like element, and one just to interfere with erroneous gene expression at the earliest
downstream at the TATAA box6g). Triplex formation may stage. While the present studies involved a model system of
inhibit transcription initiation from the initiator-like sequence triplex formation in a reporter plasmid, we can conclude that
where it binds, but not completely inhibit initiation from the the effects of TFO treatment on gene expression were indeed
TATAA box. Inhibition of transcription by the TFO may be  due to triplex formation and were correlated with the stability
due to competition for transcription factor binding, such as of the triple helix in cells. TFOs capable of covalent adduct
PU.1, or due to triple helix formation and covalent adducts formation with important cancer related genes remain
that distort the duplex and affect the overall promoter promising for therapeutics, and would be of potential use in
structure. The consistency of triple helix intracellular reten- many types of human cancer. The positive findings presented
tion and promoter suppression levels between multiple cell here encourage us to further explore the ability of the bis-
lines with normal HER-2/neu gene copies and various protein alkylating TFO to locate and interact with the endogenous
expression levels indicates the level of HER-2/neu promoter HER-2/neu promoter and suppress transcription initiation in
activation, which can vary between cell lines, does not living cells, a goal that will depend on an effective delivery
change TFO effectiveness. Nonetheless,a®BD% decrease  method to achieve triplex-directed gene regulation in vivo.
in promoter activity may result in a therapeutically relevant
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